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Eight botanicals, namely Persicaria hydropiper, Murraya koenigii, Arachis 
hypogaea, Houttuynia cordata, Epipremnum pinnatum, Typhonium flagelliform, 
Magnolia officinalis (Magnolia) bark, and Imperata cylindrica were screened for 
antimicrobial and antioxidant properties. Extracts of Magnolia bark obtained by boiling 
in water and maceration in ethanol resulted in promising activity against Mycobacterium 
smegmatis. Thus, Magnolia bark was chosen as the model botanical material for further 
investigation. 
 
Different milling methods were investigated. In comparison to cut and impact 
milling, conical screen milling enabled higher throughput of material with significant 
reduction in dust and fines generation and narrower particle size distribution of milled 
product. The grater-bore screen was crucial in fracturing the highly tensile bark material. 
One of the most attractive features of the conical screen mill was its robustness under 
choke feeding conditions, which enabled it to handle large loads at a time. The 
performance of impact and cut milling methods, on the other hand, was highly dependent 
on the feed weight used. The application of conical screen milling to botanical material 
has not been reported in literature. Conical screen milling was found to be superior to cut 
and impact milling in this study. 
 
Modern extraction processes employing high diffusion fluids, i.e. pressurized 
liquid extraction (PLE) and supercritical fluid extraction (SFE), were compared against 
Soxhlet extraction (SXE) for the preparation of Magnolia bark extracts. Pressure and 
  xii
 
temperature were found to exert the strongest influence on SFE of honokiol and magnolol 
from Magnolia bark. Particle size exerted minimal influence on the SFE process, attesting 
to the high diffusivity of the supercritical fluid. On the contrary, PLE was strongly 
dependent on the particle size of the botanical matrix as well as the temperature of 
extraction. In general, extracts obtained by SFE had greater proportions of the bioactive 
compounds compared to those obtained by PLE and SXE. Pressurized liquid extraction 
resulted in comparable yields to SXE but at shorter extraction time and marked reduction 
in solvent consumption. Polar solvent possessing the hydroxyl group was found to 
increase the yields obtained by high diffusion fluid extraction systems.  
 
SFE crude extracts of Magnolia bark were found to produce comparable or 
greater activity than streptomycin against Mycobacterium smegmatis. The MIC and FIC 
of the extract were obtained using a microdilution method developed. This method is 
suitable than the conventional macrodilution method for situations where the test 
materials are limited. The MIC of SFE extracts was found to be 0.460 - 0.930 µg/ml, 
which was greater than that of rifampicin (1.00 – 1.25 µg/ml) or honokiol (1.50 – 2.00 
µg/ml) and magnolol (1.00 – 1.50 µg/ml) alone. Synergism was also observed between 
honokiol and magnolol, which is not reported in the literature. Additionally, a novel 
finding was the ability of the SFE extract to act as an adjuvant to streptomycin and 
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A.  The potential of botanical materials in modern therapeutics 
 
 Folkloric uses of botanicals over the centuries form the basis of medicine. A rich 
history of herbal medicine use in China and the South-East Asian region has provided a 
large armamentarium of potential phytomedicines waiting to be discovered. The search 
for treatments, which are as efficacious as they are non-toxic, has also driven the public 
to turn to traditional medicines, nutraceuticals and other botanical home remedies. The 
high cost of potential failures, expiring blockbuster drugs, stiff competition from market 
players, and the generic product boom in developing countries have motivated 
pharmaceutical multinational corporations (MNCs) to exploit botanical sources for new 
therapy. Most independent phytomedicine companies in Germany were acquired by 
pharmaceutical MNCs by 1995 (Hardman, 2002). In 2004, 50 % of chemotherapy drugs 
used in the USA had their origins in botanical sources (Boon and Wong, 2004). In 
Malaysia, herbal companies are projected to grow at 8 – 15 % annually despite other 
poorer economic sentiments (Benama, 2008). Hence, botanicals hold much potential for 
the future of pharmaceutical products. Alongside the pharmaceutical field, nutraceutical 
and functional food industries too show much interest in identifying and developing new 
herbal (botanical) related technologies with higher outputs, better process efficiency and 








1. Biological activity of phenolic compounds from botanicals 
Plant secondary metabolites are compounds which are not directly essential for 
growth and development of a plant, but are required for the plant’s survival in the 
environment. These compounds provide defence against herbivores and microbes, protect 
the plant from harmful ultraviolet radiation and oxidation, as well as act as signal 
compounds for pollination and dispersion by insects and animals (Lattanzio et al., 2008). 
Among these, phenolic compounds are ubiquitous and constitute the active substances 
found in most botanical extracts. These compounds usually accumulate in specific tissue 
or cell types, although some may be linked covalently to plant cell wall and others 
deposited in waxes or on the external surfaces of various plant organs (Lattanzio et al., 
2008). 
 
 In recent decades, strong emphasis has been placed on biomedical research of 
plant phenolic compounds and over 8000 diverse phenolic compounds of various 
structures and polarities have been isolated (Robbins, 2003). The antioxidant and free-
radical scavenging activity of dietary phenolics have been reputed to impart long-term 
health benefits and prevent several major chronic diseases such as cancer, anti-
inflammatory, cardiovascular and neurodegenerative diseases (Kutchan and Dixon, 2005; 
Lattanzio et al., 2008). As plants often produce a broad range of these compounds in 
response to pathogenic stress, these compounds have the potential to be employed against 
infectious diseases. This is especially important due to current concerns of multidrug-
resistant pathogens arising from indiscriminate use of antibiotics (Alanis, 2005; Harakeh 




diversity of compounds present in botanical extracts acting on different target sites may 
reduce the incidence of antibiotic-resistance (Ma and Guo, 1994; Schuster, 2001). A 
recent study reported the successful use of a mixture consisting of 3 extracts from 
commonly used Asian medicinal plants against multi-drug resistant strains of Salmonella 
(Kwon et al., 2008). Synergism between botanical extracts and antibiotics against 
bacteria have also been reported (Okusa et al., 2007; Rosato et al., 2007).  
 
2. Magnolia officinalis (Magnolia) bark 
 
The Magnolia genus consists of several important species which have been used 
traditionally to treat various ailments ranging from the common cold to cancer. The bark 
of Magnolia officinalis (Cortex Magnoliae officinalis, houpu, 厚朴) has been in use for 
more than 5000 years in traditional Chinese and Japanese medicine for the treatment of 
anxiety, thrombotic stroke, typhoid and a variety of respiratory and digestive ailments 
(Bensky et al., 1993; Hou and Jin, 2005). Traditional preparation of Magnolia bark for 
medical use is usually by hot water decoction of the crude drug alone or with other herbs 
(Bensky et al., 1993; Watanabe et al., 2002). 
 
a. Chemical constituents 
The chemical constituents of Magnolia bark have been well documented 
(Watanabe et al., 2002; Patocka et al., 2006; Shen et al., 2009) and can be broadly 
divided into phenolic compounds, alkaloids, aldehydes and essential oils (which account 
for about 1 % of raw bark). The aroma of the bark is due to the biphenol compounds and 




conferred by magnolol and honokiol (Fig. 1), which are found in the range of 2 - 11 % 
and 0.3 - 4.6 % respectively in Magnolia bark extracts (Dharmananda, 2001; Patocka et 
al., 2006). These compounds are reported to confer potent pharmacological effects which 
include antioxidant (Fujita and Taira, 1994; Lo et al., 1994; Chiu et al., 1997; Liou et al., 
2003; Cui et al., 2007), anti-inflammatory (Wang et al., 1992; Park et al., 2004; Munroe 
and Bishop, 2006; Lin et al., 2007) and neuroprotective properties (Fukuyama et al., 
2002; Akagi et al., 2004; Lin et al., 2006b; Cui et al., 2007), protection against 
reperfusion injury (Chiu et al., 1997; Lee et al., 2001; Loong et al., 2001; Loong et al., 
2002; Jawan et al., 2003; Liou et al., 2003), anti-cancer activity (Hirano et al., 1994; 
Fong et al., 2005; Saito et al., 2006) as well as bacteriostatic and fungistatic effects 
(Chang et al., 1998; Ho et al., 2001; Park et al., 2004; Syu et al., 2004). Honokiol and 
magnolol have been reported to possess 1000 times more antioxidant activity than 
vitamin E (Lo et al., 1994). An extensive review on the biological properties of honokiol 
and magnolol is available (Patocka et al., 2006). Honokiol and magnolol demonstrated 
marked antimicrobial effects against the acne-causing agent, Propionibacteria acnes 
(Park et al.¸2004), Helicobacter pylori (Bae et al., 1998), periodontopathogens - 
Actinobacillus actinomycetemcomitans, Porphyromonas gingivalis, Prevotella 
intermedia, Micrococcus luteus and Bacillus subtilis, as well as other cavity-causing 
bacteria (Ho et al., 2001; Chang et al, 1998). Magnolia bark extracts have also been 
reported to possess an in vitro inhibitory effect against Streptococcus pneumoniae, β-
haemolytic Streptococcus, Shigella sonnei and Staphylococcus aureus (Bensky et al., 
1993).  In the study by Park et al. (2004), honokiol displayed greater potency than 





(a)                     (b) 
              
Molecular weight : 266.334 g mol-1 Molecular weight : 266.334 g mol-1 
Melting point : 87.5 °C Melting point : 102.0 °C 
Log Poctanol/water : 4.15 Log Poctanol/water : 4.43 
 
Fig. 1. Chemical structures and physicochemical properties of (a) honokiol (3, 5'-diallyl-
4, 2'-dihydroxybiphenyl), and (b) magnolol (5, 5'-diallyl-2, 2'-dihydroxybiphenyl). 
 
than 61 % of halitosis- and cavity-causing bacteria within 30 minutes of chewing 
(Greenberg et al., 2008). To date, there is no reported study on the activity of crude 
Magnolia bark extract on the Mycobacterium species and its potential synergism with 
known antibiotics. Thus, there is strong clinical and commercial interest to pursue 
research in the extraction of Magnolia bark due to its strong antioxidant activity and 
potential for treatment of a wide variety of infectious diseases, including tuberculosis 
caused by the Mycobacterium tuberculosis. The supercritical fluid extraction (SFE) of 
Magnolia officinalis bark was previously reported by two groups of researchers (Suto et 
al., 1997; Dean et al., 1998). Extraction of honokiol, magnolol and other neolignan 
compounds from Magnolia virginiana flowers by SFE at 405 bar and 40 °C was also 




for extraction of honokiol and magnolol at single pressure and temperature settings. 
Except for the extraction experiments conducted by Dean et al. (1998), the rest did not 
result in appreciable recoveries of both compounds compared to the solvent extraction 
techniques. No studies had been conducted to elucidate the influence of extraction 
variables on SFE of honokiol and magnolol from Magnolia bark, as well as on the 
bioactivity of the resulting extracts. There was also no reported use of PLE and the 
influence of its extraction variables on the extraction of Magnolia bark. Hence, the keen 
interest to study these two modern extraction methods in greater detail arose in the search 
for potential alternatives to the conventional solvent extraction method. 
 
b. Physical structure of the Magnolia bark 
 The outer bark of the Magnolia tree is the visible part of the tree trunk and serves 
to protect the tree against adverse weather, diseases, and insects. Typically, bark material 
comprises the outer portion of woody stems, branches and roots and anatomically 
includes all plant tissues outside the cambium. The woody bark material is usually porous 
comprising of elongated cellular elements. The bark consist of fibers, phloem 
(responsible for transport of nutrients), soluble constituents, and inorganic constituents 
e.g. calcium and potassium crystallites (Evans, 2001). The fibers are mainly composed of 
cellulose, hemicellulose and lignin. Cellulose chains are held together as microfibrils by 
hydrogen bonds. These microfibrils confer high tensile strength to the botanical material 
(Niklas, 1992). The exact cellular composition of Magnolia bark, a hardwood bark, has 





B. Milling of botanical material for extraction processes 
 
1. Significance of particle size  
Milling, also called comminution, grinding or pulverization, is the process of size 
reduction of large particles by mechanical means. The main objective of milling is to 
produce a suitable sized product for a specific process or purpose, e.g. extraction. 
Optimization of the milling process is important to avoid material wastage from high dust 
generation and off-target particle sizes in the herbal drug industry (Lubas, 1999). Dust 
generation also leads to significant issues with regards to process containment, risks of 
product cross-contamination as well as worker safety issues. Thus, any method which 
results in minimal dust generation would be favored. 
 
In extraction processes specifically, milling increases the surface area to volume 
ratio for improved solvent contact during the extraction process. Raw material factors 
influencing the extraction process include particle size and size distribution, as well as 
particle shape and bed packing properties of the material. Smaller particles present 
shorter path lengths for solvent to extract the compounds of interest from the botanical 
matrix. There is reduced diffusion resistance through the matrix and hence, higher 
extraction efficiency can be achieved, thus requiring shorter extraction time. The 
mechanical breakdown of the tough cellulosic plant wall material, which forms a barrier 
against solvent extraction, also improves extractability from the botanical material.  
 
The optimal particle size is dependent on the properties of the botanical material, 




in over-extraction, producing excessive amounts of extraneous components. This leads to 
difficulty in extract clean-up. It was also reported that fine milling of the botanical matrix 
may lead to degradation of sensitive compounds as well as loss of volatile components 
during the extraction process (Erdman and Erdman, 1982; Fisher et al., 1997). A high 
proportion of oversize particles would result in under-extraction or inefficient extraction 
processes. For example, coffee beans are ground to different sizes depending on the 
method of brewing as each brewing method has an ideal particle size that optimizes the 
extraction process (Ephraim, 2003). Thus, the use of appropriate particle size of botanical 
material would have a direct impact on the efficiency of the extraction process. While 
achieving the optimal particle size is important in any application, it is equally important 
to keep the particle size distribution narrow. A large particle size distribution was 
reported to result in lower yields and poor reproducibility in the extraction of 
polychlorinated biphenyls from marine sediments (Björklund et al., 1999).  This was due 
to the large variation in particle size which gave rise to inhomogeneous diffusion paths 
that caused channeling. 
 
Achieving optimal particle size and particle size distribution also lead to ideal 
bulk and bed packing properties which have an impact on the extraction vessel capacity 
and uniformity of solvent flow through the packed extraction bed. Control of fines 
generated is important as milling the particles too finely may adversely result in overly 
compacted beds. This would result in prolonged extraction time, channelling (as liquid 
will flow or percolate through paths of least resistance) and subsequently inefficient 




to solvent flow whilst beds that are too porous beds would not be able to hold solvent 
sufficiently long to allow for concentration of the compound of interest in the solvent. 
Some volatile or sensitive constituents may be lost or degraded with reduction in particle 
size but this is not commonly seen. Overall, a milling process capable of rapid size 
reduction to the desired particle size and result in homogeneous milled material essential 
for a reproducible extraction process is attractive.  
 
 
2. Forces involved in the milling process 
There are four main types of forces associated with size reduction and the design 
of most milling equipment aims at optimizing these four forces (Table 1). The magnitude 
and duration of these forces affect the resulting particle size and size distribution of the 
milled material (Murugesu, 2008). The active forces may act either singly or in various 
combinations to initiate crack propagation through flawed regions in the material. This 
initial application of force would produce elastic deformation in the material, which is a 
reversible flexing or bending of the material (Fig. 2). Crack propagation develops when 
the external milling forces exceed the cohesive forces (elastic limit) of the particle, 
eventually leading to plastic deformation and cleavage of the particle with the application 
of greater and / or repeated force (Lantz, 1981). Thus, there is a minimum amount of 
energy which has to be surmounted in order to fracture a particle.  However, only a 
fraction of the applied energy (< 2 %) is actually utilized for size reduction of the 
material. A large proportion of energy is dissipated as heat in the elastic deformation of 






Table 1. Forces involved in particle size reduction. 
 
Force Mode of action Type of mills 




Impact Particles are hit with a blunt object or other 
particles at an acceleration to fracture them. 
Creates more random fractures and greater amount 
of fines compared to other milling mechanisms 
(Murugesu, 2008). 
 
Hammer, pin, jet and 
conical screen mills  
Attrition Application of force parallel to surface, scraping 
at the outermost edges of the particles. 
 
Ball mill 
Compression Particle is compressed between two surfaces, 
generating stress that exceeds the particle’s 
strength, causing it to fracture. 
 
Jaw crusher and 


















interparticle friction, particle-mill rotating part friction and mill vibration (Lantz, 1981; 
Perry et al., 1984; Parrott, 1986; Staniforth, 2001a). While equipment accentuating 
attrition and compression forces are usually not employed in size reduction of botanical 
materials, cut and impact milling have been extensively employed (Himmel et al., 1985; 
Parrott, 1986; Fellows, 2000; Gertenbach, 2002; Paulrud et al., 2002). 
 
3. Equipment used in milling 
The factors affecting the choice of mill for a particular size reduction process 
would depend on the properties of the raw material (e.g. fibrous content, friability, 
abrasiveness, and cohesiveness of raw material as well as sensitivity of bioactive 
compounds to thermal degradation) and the desired properties of the milled material 
(Miranda and Yaeger, 1998). There are also specific industry- or process-related 
requirements to be considered such as capacity and processing rate needed, process flow 
(batch or continuous), dust containment,  particle size range control, ease to cleaning and 
possibility to be integrated with other processes (Clement and Purutyan, 2002). As 
particle size reduction is often the least energy efficient process in the entire production 
chain, any milling method which results in energy savings is also more desirable.   
 
a. Impact and cut mills 
 Impact and cut milling are often carried out using a rotary hammer mill. Material 
fed into the milling chamber strikes the rotating blades directly and is thrown out 
centrifugally against the peripheral plates of the casing (Parrott, 1986). In impact milling, 




across a wide area of the material. This initiates stress waves which propagate through 
the material, causing flaws to fracture (Parrott, 1990). It is often used for soft- to 
medium-hard materials including grinding of pigments, spice and various food 
ingredients. On the other hand, cut milling is generally recommended for size reduction 
of tough, fibrous materials as the sharp blades apply high, direct cutting and shearing 
action on the material, successively shredding it down to smaller sub-divisions (Parrott, 
1986; Staniforth, 2001a; Wennerstrum et al., 2002). Particles would be retained in the 
milling chamber and undergo further size reduction until they are small enough to pass 
through the retention screen fitted at the discharge opening. 
 
b. Conical screen mill 
 Conical screen milling is a relatively new milling innovation that employs a 
rotating impeller to impart a vortex flow to the feed material. Centrifugal acceleration 
directs the material into the action zone, which is the area between the impeller edge and 
the stationary conical screen (Quadro, 2005). The shear-compression force and tangential 
action fracture the product, discharging the material instantaneously through the screen, 
reducing significantly product retention time in the chamber. This maximizes the use of 
energy for size reduction and reduces tooling wear (Murugesu, 2008). The wide variety of 
tooling options allows tailoring of the size reduction process to meet the needs of specific 
applications. This method has been successfully employed in the pharmaceutical industry 
for size reduction of roller-compacted ribbons (Vendola and Hancock, 2008), dry and wet 
milling of granules (Motzi and Anderson, 1984a; Motzi and Anderson, 1984b; Motzi and 




powders (Poska et al., 1993; Verheezen et al., 2004) and improvement of colour 
dispersion in direct compression formulations (Fourman et al., 1990). Higher throughput 
rates and reduced frictional heat generation, in addition to lower dust and noise 
production were reported with conical screen milling when compared to conventional 
milling methods (Byers and Peck, 1990; Spencer and Dalder, 1997). To date, conical 
screen milling has not been fully exploited for the preparation of botanical materials for 
extraction and hence was investigated in this study. 
 
4. Other factors affecting size reduction of material 
 Although different mills have different variables affecting their performance, 
some more common factors will be discussed below. The desired particle size and size 
distribution, within the capability of a mill, can usually be produced by fine tuning the 
key factors affecting the chosen mill (Spencer and Dalder, 1997). In general, factors 
affecting the size reduction process of a particular mill include the nature of feed 
material, feed weight, blade / impeller profile, rotor speed and screen configuration, i.e. 
type of perforation, aperture size, thickness and screen open area (Parrott, 1990; Miranda 
and Yaeger, 1998; Staniforth, 2001a).  
 
C. Extraction  
 
The extraction process is generally described as the use of a suitable solvent or 
fluid to dissolve and remove soluble bioactive compounds via diffusion from a source 





1. Fundamentals of extraction 
Knowledge of both equilibrium and mass transfer concepts is important for 




An equilibrium relationship describes the concentration of the bioactive 





K =          (Equation 1) 
where Ce is the concentration of the bioactive compound in the solvent, Cm is the 
concentration of the bioactive compound remaining in the dry marc and K is the 
equilibrium constant, also known as partition coefficient. The value of Ce in turn is 
dependent on the type of solvent used as well as the temperature, and it dictates the value 
of K. Thus, the solvent and temperature for extraction are chosen to obtain a high K value 
for complete or near complete extraction of bioactives from the botanical matrix.  
 
b. Mass transfer concepts 
Mass transfer attributes determine how long the bioactive compound would take to 
reach the equilibrium concentration in the extracting solvent. Botanical matrices are 
generally quite porous, containing a network of passageways and internal pores (Niklas, 
1992; Aguilera and Stanley, 1999). There are generally 4 steps in the extraction of 





a) Diffusion of the solvent into the pores within the particle (botanical matrix). 
b) Dissolution of soluble compounds into the solvent within the particle. 
c) Diffusion and migration of the compounds from within the particle to the particle 
surface. 
d) Diffusion of compounds through the static solvent layer surrounding the particle 
and dissolution of the compounds into the bulk solvent. 
In the initial step, swelling of the botanical matrix results from osmotic and capillary 
forces in the cells (Escribano-Bailon and Santos-Buelga, 2003). Dissolved components, 
which include free phenolic compounds, would be extracted almost immediately. For 
most botanicals, step (c), is the rate-limiting step, i.e. the extraction process is said to be 











=           (Equation 2)  
where C is the concentration of the bioactive compound, t is the extraction time, x is the 
particle diameter and D is the diffusion coefficient. As the driving force for the extraction 
process is the concentration gradient between the interior of the particles and bulk 
solvent, increasing the concentration gradient would increase the rate of extraction. This 
can be carried out by increasing the diffusion coefficient, D, reducing the particle 









2.  Factors affecting solid-liquid extraction processes 
a. Choice of solvent  
An ideal solvent system for extraction of bioactives from botanicals include a 
favourable partition coefficient for the compound of interest, a large capacity for 
extraction, high selectivity with reference to the compound of interest, absence of 
irreversible reactions between solvent and bioactive compound and ease of compound 
recovery (Harmala et al., 1992; Gertenbach, 2002). The characteristics of the matrix to be 
extracted, mass transfer mechanisms, and cost of the solvent system also have to be 
considered in developing an optimal extraction system (Waldeback, 2005).  
 
b. Extraction temperature 
Temperature generally affects both the equilibrium and mass transfer rate of the 
extraction process. In the former, a higher temperature results in greater solubility of 
compounds in the solvent, resulting in a larger K value. In the latter, the higher the 
temperature, the higher will be the D, hence increasing rate of extraction. In conventional 
solid-liquid extraction processes, temperature is limited by the boiling point of the 
solvent. However, this limitation is circumvented by the advent of pressurized liquid 
extraction (PLE) systems which will be discussed later. Increasing the temperature would 
not only enhance extraction of the bioactive compound but also other soluble compounds 
as well and at times, reduce the selectivity of the process for the compound of interest. It 
is also important to bear in mind that increasing the extraction temperature may also 
potentially degrade thermolabile bioactive compounds. Thus, an optimized balance has to 




fluid extraction (SFE) allows extractions to be performed under mild conditions, reducing 
the drawbacks of high temperature extractions. 
 
c. Extraction time 
 In general, a prolonged extraction time results in an increased yield of the 
bioactive compound until equilibrium is reached. Thereafter, the concentration of 
bioactive compound will not increase further but there will have greater liability for 
degradation. Prolonged extraction time is also not desirable from an economic standpoint 
of labor and energy requirements, and this forms the basis for development of modern 
extraction technologies. 
 
3. Conventional solid-liquid extraction 
Conventional solvent extraction methods include maceration, percolation, 
sonication and Soxhlet extraction (SXE), while newer techniques comprise ultrasound- 
and microwave-assisted extraction, as well as PLE.  
 
a.  Soxhlet extraction (SXE) 
 
 Soxhlet extraction is widely employed as the gold-standard for evaluating the 
performance of other solid-liquid extraction methods. This technique is based on 
exhaustive extraction from a sample matrix followed by successive clean-up steps prior 
to analysis. Considerable amounts of organic solvents are required, resulting in higher 
costs, solvent-related hazards and disposal issues. Solvent residue in the final product, if 




has made it easier to use and the extraction better controlled. The advantages and 
disadvantages of SXE are summarized in Table 2. 
 
 The automated Soxhlet extractor functions like a continuous extractor, i.e. the 
solid is continually in contact with fresh solvent. The solid to be extracted is first loaded 
into a cellulose thimble which is suspended in the extraction chamber (Fig. 3). Solvent of 
choice is placed into the solvent vessel at the base and is heated to boiling point. Solvent 
vapour then rises and condenses on the condenser hence dripping onto the sample. The 
solid is then allowed to macerate in the condensed solvent after which it is siphoned back 
into the boiling solvent. Meanwhile, fresh condensed solvent will fill the extraction 
chamber again. Controllable experimental conditions would be the temperatures in the 
extraction chamber and hot plate in contact with the solvent vessel, and the extraction 
time or number of cycles.  
 
4. Extraction methods employing high diffusion fluids 
 
 Growing concerns on large quantities of organic solvents used in processing have 
been the impetus for development of more environmentally friendly extraction 
techniques. The shift towards more cost-effective processing with increased sample 
throughput and shorter extraction time while maintaining accuracy and precision has 
resulted in miniaturization and automation of conventional extraction equipment such as 
the Soxhlet extractor. This has resulted in reduction of material and labor costs as well as 
solvent consumption. Nonetheless, conventional extraction techniques are also fraught 




Table 2. Advantages and disadvantages of SXE. 
Advantages Disadvantages 
1. Long experience of use. 
2. A displacement of transfer equilibrium 
occurs as the solid is continuously 
exposed to fresh solvent. 
3. High extraction temperature enables 
exhaustive recovery of the 
compound(s) of interest. 
4. Simple to operate. 
5. Economical. 
1. Long extraction time (hours) 
2. Considerable solvent consumption 
3. Non-selective extraction 
4. Risk of thermal decomposition as 
extraction is conducted at the boiling 
point of the solvent. 





















especially susceptible to chemical alteration of the molecular structures as well as heat 
and oxidative degradation (Ribereau-Gayon, 1972). A notable example is the extraction 
of carnosol from Labiatae herbs. Carnosol was thought to be the main active principle as 
it had been extracted and isolated by conventional extraction techniques. The true active 
compound, carnosic acid, was eventually isolated by SFE and carnosol was found to be 
an artefact resulting from the oxidation of carnosic acid during the extraction by the 
conventional tehcniques (Nguyen et al., 1999). Compared to SFE, the conventional 
extraction techniques also induced greater racemization in atropine extraction from the 
Solanaceae family of herbs (Mateus et al., 2000). Additionally, when large numbers of 
phenolic compounds are present in the botanical extract, extracting and isolating each 
compound in a pure crystalline form via conventional extraction techniques poses a 
significant challenge as their physicochemical properties are generally quite similar 
(Ribereau-Gayon, 1972).  
 
The advent of high diffusion fluid extraction, such as PLE, SFE, microwave-
assisted extraction and superheated liquid extraction, addresses the above challenges. In 
these extraction processes, the diffusion coefficient of the solvent system is raised, thus 
increasing the mass transfer rate and subsequently the rate of extraction (Fick’s second 
law, Equation 2). Fluids possess physicochemical properties that vary with pressure and 
temperature (Table 3), and high diffusion fluids are attractive as extraction solvents due 
to their higher solvating power. As can be seen from Table 3, high diffusion fluids such 
as supercritical fluids possess a liquid-like density, but gas-like viscosity and surface 




Table 3. Physicochemical properties of fluids existing as a gas, supercritical fluid or 
liquid (Taylor, 1996). 
 




6 x 10-5 – 2 x 10-3 
 
 
1 x 10-4 – 3 x 10-3 
 
 
0.1 – 0.4 
 
Supercritical fluid 
(at critical pressure 
and temperature) 
0.2 – 0.5 1 x 10-4 – 3 x 10-4 7 x 10-4 
Liquid 0.6 – 1.6 2 x 10-3 – 3 x 10-2 2 x 10-6 – 2 x 10-5 
 
high diffusion fluids for extraction are shorter extraction times and reduced solvent 
expenditure. Hence, newer extraction techniques employing high diffusion fluids were 
developed to improve the efficiency of extraction processes. This thesis examines PLE 
and SFE as alternatives to the Soxhlet extraction method for extraction of bioactive 
principles from Magnolia bark. 
 
a. Pressurized liquid extraction 
 
Pressurized liquid extraction (PLE)  is a form of liquid-solid extraction, whereby 
the solid sample is packed into the extraction cell and extracted with a suitable solvent at 
elevated temperature and pressure (Lou et al., 1997; Benthin et al., 1999; Kaufmann and 
Christen, 2002; Luthria et al., 2004). The elevated pressure serves to maintain the solvent 
in the liquid phase above the solvent’s boiling point at atmospheric pressure. PLE 
improves compound (analyte) solubility, reduces solvent viscosity and surface tension, 
disrupts matrix-analyte interaction and accelerates extraction kinetics, thereby improving 
extraction efficiency (Carabias-Martínez et al., 2005; Eng et al., 2007; Mendiola et al., 




environmental analysis but since then, use of PLE for extraction of botanicals with 
medicinal properties has increased considerably (Table 4). An in-depth review of PLE 
applications in food and biological samples was published by Carabias-Martinez et al. 
(2005). 
 
(i)  Advantages and disadvantages of PLE 
PLE has been reported to be more efficient than other extraction methods by 
consuming less solvent and allowing faster extraction. A summary of the advantages and 
disadvantages of PLE is shown in Table 5.  
 
(ii) Factors affecting PLE 
(ii)(a) The effect of pressure 
The elevated pressure serves to maintain the solvent in the liquid phase during 
extraction and to ensure that the solvent remains in contact with the sample. Some 
researchers reported that pressure had little effect on the extraction process (Richter et al., 
1996; Lou et al., 1997; Sae-Yun et al., 2006; Jiang et al., 2007). However, others 
suggested that high pressure might increase extraction efficiency by forcing the solvent 
into the matrix pores (Kaufmann and Christen, 2002; Rostagno et al., 2004). Dawidowicz 
and Wianowska (2005a) demonstrated that the pressure effect was matrix-dependent. In 
their investigations, PLE carried out on tea leaves at temperature of 70 and 100 °C 
resulted in lower caffeine yields when the pressure was increased above 100 bars. The 
elevated pressure might have caused compression of the soft tea matrix, reducing the 
efficiency of transport of the compound out of the matrix and penetration of the solvent 
into all areas of the matrix.  
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Table 4. Some applications of PLE related to botanical material. 
 
Analyte (Plant source) Optimal PLE conditions Remarks References 
Charantin (Momordica charantia, 
bitter melon fruits) 
Solvent:   ethanol or acetone, 
P :10 MPa, T : 100 °C, S : 60 min  
 
PLE had comparable extraction 
efficiency with Soxhlet extraction 
although extraction time was reduced 
3.75-fold. 
(Pitipanapong et al., 
2007) 
Essential oils (Cyperus rotundus 
rhizomes) 
Solvent: methanol,  
P : 1000 psi, T : 140 °C,  
S :10 min, FV : 60 %  
PLE had greatest efficiency compared 
to hydrodistillation and SFE, but SFE 
had greatest selectivity. 
(Tam et al., 2007) 
Flavanoids (Lysimachia clethroide) Solvent: 50% acetonitrile, 
P : 1500 psi, T: 100 °C, 1500 psi, S : 
25 min, FV : 70%  
PLE had greater extraction efficiency 
compared to ultrasonication and 
Soxhlet extraction methods. 
(Jiang et al., 2007) 
Rotenone (Derris elliptica, Derris 
malaccensis root, stem) 
Solvent: chloroform,  
P :  2000 psi, T : 50 °C 
PLE showed higher extraction 
efficiency of rotenone compared to 
maceration for 3 days. 
(Sae-Yun et al., 2006) 
Capsaicinoids (Capsium peppers) Solvent: methanol,  
P : 100 atm, T : 200 °C, S : 5 min 
PLE of capsaicinoids from peppers 
demonstrated good reproducibility. 
(Barbero et al., 2006) 
Ginsenosides (Panax notoginseng 
roots) 
Solvent: methanol,  
T : 150 °C 
PLE had highest efficiency and 
reproducibility compared to 
maceration, ultrasonication and 
Soxhlet extraction methods. 
(Wan et al., 2006) 
Z-ligustilide, Z-
butylidenephthalide, ferulic acid 
(Angelica sinensis  rhizome) 
Solvent: methanol, 
P : 1500 psi, T : 110 °C,  
S : 25 min, FV : 10 % 
 (Lao et al., 2004; Li et 
al., 2006a; Cho et al., 
2007) 
Dictamine and limonoids 
(Dictamnus dasycarpus root 
cortex) 
Solvent: methanol, 
P : 1500 psi, T : 150 °C,  
S : 5 min, F 
Extraction efficiency of PLE is 
comparable with that of Soxhlet and a 
little higher than that of 
ultrasonication extraction. 
(Jiang et al., 2006) 
Terpenes, fatty acids, vitamin E 
(Piper gaudichaudianum leaves) 
Solvent: petroleum ether or ethanol, P 
: 1500 psi, T : 85 °C,  
S : 10 min 
PLE generally had highest yields in 
general compared to ultrasonic and 
Soxhlet extraction methods. 
(Péres et al., 2006a; Péres 
et al., 2006b) 
Continued on the following page
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Table 4 (continued). Some applications of PLE related to botanical material. 
 
Analyte (Plant source) Optimal PLE conditions Remarks References 
Sesquiterpenes (Curcuma  sp. 
Rhizomes) 
 
Solvent: methanol,  
P: 1000 - 1500 psi, T: 100 – 140 °C, 
S : 5 min, FV : 40 - 60 % 
 (Yang et al., 2005; Yang 
et al., 2006; Qin et al., 
2007) 
Caffeine (Green tea leaves and 
ground coffee beans) 
For tea leaves: 
Solvent: water, 
P : 40 bar, T : 70 °C,  
S : 10 min x 3 cycles 
For ground coffee beans: 
Solvent: water, P : 60 bar, T : 100 °C, 
S : 10 min 
PLE resulted in the lowest amount of 
extracted caffeine for tea leaves and 
highest for ground coffee compared to 




Catechin, epicatechin (tea leaves, 
grape seeds) 
Solvent: methanol,  
P : 100 atm, T : 100 ºC, 
S : 5 min x 2 cycles 
Recoveries of catechin and 
epicatechin from grape seeds using 
PLE were 5 times higher than those of 
static, ultrasonic and dynamic 
maceration.  
(Piñeiro et al., 2004) 
Carotenoids 
(Haematococcus pluvialis and 
Dunaliella salina) 
Solvent: acetone,  
P : 1500 psi, T : 40 ºC, S : 2-5 min. 
Yield of astaxanthin, β-carotene, and 
lutein were comparable / higher in 
PLE than ultrasonic extraction. 
(Denery et al., 2004) 
Kavalactones 
(Piper methysticum) 
Solvent: methanol,  
P : 2000 psi, T :60 ºC,  
S : 6 min x 3 cycles 
 (Denery et al., 2004) 
Furanocoumarins 
(Pastinaca sativa and Archangelica 
officinalis fruits) 
Solvents: Petroleum ether (for 
hydrophobic compounds) and 
methanol (for hydrophilic 
compounds), 
P :  60 bar, T : 100 °C 
PLE was the most efficient for 
extraction of hydrophobic 
furanocoumarins compared to 
Soxhlet, ultrasonic and microwave-








P : 9 – 11  T: 120 ºC, S :15-20 min. 
PLE resulted in 10 – 100% better 
efficiency compared to ultrasonic and 
Soxhlet extraction methods. 
(Ong and Len, 2003; Ong 
et al., 2006) 
Continued on the following page
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Table 4 (continued). Some applications of PLE related to botanical material. 
 
Analyte (Plant source) Optimal PLE conditions Remarks References 
Anthocyanins and phenolic 
compounds 
(Dried red grape skin) 
Solvent : acidified water,  methanol 
60 % 
P : 10.1 Mpa, T : 80 – 100 °C,  
S : 5 min x 3 cycles, FV : 50 % 
PLE resulted in comparable yields to 
Soxhlet extraction, depending on the 
solvent used. More degradation was 
observed when methanol 60% was 
used. 
(Ju and Howard, 2003) 
Polyphenols 
(Apple peel and pulp) 
Solvent: methanol,  
P : 1000 psi, T : 40 °C,  
S : 5 min x 2 cycles, FV : 60 % 




Solvent: methanol,  
P : 9 – 11 bar, T : 120 ºC,  
S : 15 – 20 min 
PLE resulted in higher yields 
compared to ultrasonic and Soxhlet 
extraction 
(Ong et al., 2000) 
Paclitaxel (Taxus cuspidata bark) Solvent: methanol or water 
P :  10.13 MPa, T : 150 °C,  
S : 15 min, FV : 90 %. 
When methanol was used, PLE 
resulted in higher yields compared to 
conventional extraction techniques. 
When water was used, PLE produced 
50 times greater yield compared to 
conventional extraction techniques 
although paclitaxel is reported to have 
poor solubility in water. 
(Kawamura et al., 1999) 
Dianthrons (St. John’s Worth herb; 
Hypericum perforatum) 
Deacylsaponins (Horse chesnut 
seed; Aesculus hippocastum) 
Silybin (milk thistle fruit; Silybum 
marianum) 
Curcumin (Turmeric rhizome; 
Curcuma xanthorrhizae) 
Solvent : Dichloromethane, hexane, 
methanol 
P : 140 bar, T : 50-100°C, S : 6 min x 
3 cycles 
PLE resulted in highest yields for all 
compounds of interest compared to 
Soxhlet extraction. 
(Benthin et al., 1999) 
 
* P = pressure, T = temperature, S = static extraction time, FV = flush volume.
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1. Better extraction kinetics due to 
increased operating temperature. 
 
2. Processing parameters can be altered 
to extract different components or to 
increase selectivity. 
 
3. Better method precision and 
reproducibility compared to 
conventional methods (Wan et al., 
2006; Ong et al., 2000; Ong & Len, 
2003). 
 
4. Inert atmosphere (nitrogen) reduces 
oxidation risk of compound compared 
to conventional extraction processes. 
 
5. Method development is relatively 
simple compared to SFE. 
 
6. Shorter extraction time and reduced 
solvent consumption. 
 
7. Possibility for automation. 
 
1. Extraction is performed at elevated 
temperature, thus thermal degradation 
is a cause for concern, especially for 
thermolabile compounds in the 
extracts. 
 
2. Selectivity is mainly effected by 
varying the solvent type. Extraction 
tends to be exhaustive leading to 









(ii)(b) The effect of temperature 
In PLE, extraction is usually carried out above the boiling point of the solvent to 
improve the extraction kinetics by the disruption of matrix-analyte interactions (i.e. van 
der Waals forces, hydrogen bonding, dipole interactions), increased molecular motion of 
solvent molecules and enhanced compound solubility in the extraction solvent as a result 
of the elevated temperature (Benthin et al., 1999; Huie, 2002; Kaufmann and Christen, 
2002; Ong and Len, 2003; Luthria et al., 2004; Pitipanapong et al., 2007). Increasing the 
temperature of extraction at elevated pressure also reduces the dielectric constant of the 
organic solvent used (Pitipanapong et al., 2007). At elevated pressure, the dielectric 
constant of water would decrease, rendering it less polar and thus more solubilizing 
towards organic compounds.  Studies replacing organic solvents with water, i.e. 
pressurized hot water extraction (PHWE) have also been performed  (Ong and Len, 2003; 
Deng et al., 2004; Deng et al., 2005a; Deng et al., 2005b; Ong et al., 2006; Pongnaravane 
et al., 2006; Hartonen et al., 2007; Markom et al., 2007; Fernández-González et al., 
2008; Teo et al., 2008; Jiang et al., 2009). It has also been argued that the temperature 
effects were more important for solvents that modified the matrix but less significant for 
those governing the extraction of analytes (Markom et al., 2007). 
 
 
 (ii)(c) The effect of static extraction time 
 During the static phase of extraction, the diffusion of compounds from the matrix 
into the solvent occurs without the outflow of solvent from the extraction vessel. At the 
end of the extraction process, the extract is collected by rapidly flushing the extraction 
cell with fresh solvent and an inert gas, nitrogen. An increase in the static extraction time 
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generally increases the extraction yield until equilibrium is reached. Thereafter, 
increasing the static extraction time further does not result in further improvement on 
compound recovery (Lou et al., 1997). 
 
(ii)(d) The effect of flush volume 
 The flush volume, typically 40 – 60 % of the cell volume, is the amount of fresh 
solvent that is used to flush the sample at the end of the extraction process (Luthria et al., 
2004). This serves to discharge the previous volume of solvent used in the extraction into 
the collection vial. While Li et al. reported increased yields of active compounds from 
Angelica sinensis with reduced flush volumes (Li et al., 2006a), flush volume was 
reported to have no significant effect on extraction yields of Cortex Dictami (Jiang et al., 
2006). The effect of flush volume on PLE was not as widely studied as that of other 
process variables. 
 
(ii)(e) The effect of vessel void volume 
Reduction of vessel void volume with an inert packing material ensures better 
solvent-matrix contact, reduces analyte oxidation due to presence of air, and reduces 
solvent consumption (Luthria et al., 2004). Diatomateous earth is commonly used 
especially if the material to be extracted exists as a fine powder (Li et al., 2006a). Neutral 
glass has also been used as a dispersant to reduce the volume of solvent used for 
extraction (Waksmundzka-Hajnos et al., 2004b; Dawidowicz and Wianowska, 2005a; 




b. Supercritical fluid extraction  
A supercritical fluid is an element or compound above its critical pressure and 
temperature (Taylor, 1996), as shown in Fig. 4. In this state, it is compressible and 
possesses both the properties of a gas and a liquid, providing the supercritical fluid with 
improved solvating power and has an edge over conventional liquids. The main attraction 
of SFE is the use of carbon dioxide (CO2) as the solvent (extractant). Unlike most organic 
solvents, CO2 is not as harmful environmentally and has been described as a “green 
solvent”. It is an inexpensive, relatively inert and non-inflammable gas of low toxicity, 
with easily achievable supercritical conditions (Tc =31.3°C, Pc = 73.8 bar). Supercritical 
CO2 (SC-CO2) has virtually no surface tension, thereby allowing better penetration into 
botanical matrices compared to liquid solvents. An added advantage is the possibility of 
conducting solventless extraction with SFE, as CO2 would simply depressurize, 
subsequently depositing the extract into the collection vessel. However, CO2 is a non-
polar fluid and has no permanent dipole moment. Thus, there is limited ability to dissolve 
polar or high molecular weight compounds (Wright et al., 1987; Ling et al., 1999; del 















Fig. 4. Phase diagram of carbon dioxide (not drawn to scale) whereby Tc is the critical 
temperature (31.3 °C) and Pc is the critical pressure (73.8 bar). 
 
Earlier applications of SFE processes include environmental and soil analyses 
(Norman and Panton, 2001; Castelo-Grande et al., 2005; Punín Crespo and Lage Yusty, 
2005; Sporring et al., 2005), and applications in the food industry. Most applications in 
the latter category include gravimetric analysis of fat from meat (Doane-Weideman and 
Liecheski, 2004; Chang et al., 2008; Rubio-Rodríguez et al., 2008), oil and triglycerides 
from seeds (Boutin and Badens, 2009; Han et al., 2009; Liu et al., 2009a; Mitra et al., 
2009; Sánchez-Vicente et al., 2009; Zhang et al., 2009), and essential oils from spices 
(Carvalho et al., 2005; Perakis et al., 2005; Vági et al., 2005; Herrero et al., 2006; Guan 
et al., 2007; Pourmortazavi and Hajimirsadeghi, 2007). Supercritical fluid extraction is 
employed for the industrial scale decaffeination of coffee and tea (Zosel, 1981; Lack and 
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Seidlitz, 1993), and extraction of bitters from hops (Laws et al., 1978). In the recent two 
decades, the range of applications has expanded to include extraction of high-value-added 
phytochemicals and nutraceuticals from natural products and medicinal plants. 
Supercritical CO2 extraction has been widely applied to the extraction of flavors, essential 
oils, antioxidants and bioactive principles from a variety of botanical matrices such as 
whole plants, seeds, roots, stems, leaves, flowers, fruits and peels. Fewer studies are 
carried out on SFE of bark material (Yesil-Celiktas et al., 2009). This technology has also 
attracted strong interest in the extraction and isolation of phenolics and antioxidants 
(Tsuda et al., 1995; Murga et al., 2000; Grigonis et al., 2005; Li et al., 2009; Nobre et al., 
2009; Shi et al., 2009; Zarena and Udaya Sankar, 2009), phytopharmaceuticals, such as 
plant coumarins (Vilegas et al., 1997; Verotta et al., 2004), anti-malarials (Kohler et al., 
1997; Quispe-Condori et al., 2005; Ziémons et al., 2005; Lin et al., 2006a; Tzeng et al., 
2007), chemotherapeutic agents (Song et al., 1992; Chun et al., 1996; Vandana et al., 
1996; Choi et al., 1998), and traditional Chinese medicines (Lin et al., 1999; Lang and 
Wai, 2001; Shu et al., 2004; Wang et al., 2005; Fu et al., 2009). Supercritical fluid 
extraction is able to provide extracts of higher quality which is important for higher value 
products. More in-depth discussion on the applications of SC-CO2 extraction, as well as 
their extraction conditions are summarized in a review published by this author (Cheah et 
al., 2006) and other publications (King and Bott, 1993; Bevan and Marshall, 1994; 






(i) Advantages and disadvantages of SFE 
 The advantages and disadvantages of SFE are summarized in Table 6. A more 
detailed discussion can be found in the review article published by this author (Cheah et 
al., 2006). 
 
(ii) Factors affecting SFE 
A summary of the factors affecting SFE is shown in Table 7. The influence of 
pressure and temperature, extraction mode, and trapping conditions will be discussed.  
 
(ii)(a) The effects of pressure and temperature 
Increasing the pressure at a constant temperature increases the density and 
solvating power due to greater attractive forces between the supercritical fluid and 
analyte molecules (Taylor, 1996). Rupturing of cells was induced during the 
depressurization step, allowing easy removal of compounds from the cellulosic structure, 
thereby reducing total extraction time needed (Gaspar et al., 2001). While this would 
imply better extraction of the analyte, the same would be true for unwanted constituents 
like waxes and triglycerides (Bartley and Foley, 1994, ; Macías-Sánchez et al., 2005; 
Ziémons et al., 2005). An increase in pressure is also known to cause some unwanted 
effects such as decreased yield arising from botanical matrix structural alterations in the 
extraction of active compounds from basil, lovage, stevia, carrots and other matrix types 
(Yoda et al., 2003), (Barth et al., 1995; Dauksas et al., 1999; Menaker et al., 2004; 
Reverchon and De Marco, 2006). 
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Table 6.  The advantages and disadvantages of the SFE process. 
 
Advantages Disadvantages 
1. Enhanced extraction efficiency 
2. Tunability of the solvent strength 
3. Low organic solvent consumption 
4. Preservation of bioactive properties 
and organoleptic properties of the 
extracts 
5. In-line integration with sample 
preparation and detection methods 
1. High capital investment 
2. Large number of variables to 
optimize 
3. Strong dependence on matrix-
analyte interactions 
4. Difficulties in scale-up and 
technology transfer 
5. Difficulty in implementing 
continuous extraction processes 



































• Sample size 
• Particle size 
• Comminution procedure 
• Homogeneity of sample 
• Water/moisture content 
• Drying agent (type, ratio) 
• Vessel volume 
• Packing density 
 
Extraction parameters 
• Supercritical fluid (extractant) 
• Pressure 
• Temperature 
• Flow rate 
• Modifier (type, amount) 
• Static / dynamic extraction mode 
• Extraction time 
• Restrictor temperature 
 
Trapping 
• Collection technique 
• Liquid trapping solvent or solid trapping agent used 
• Trap size or solvent volume 
• Collection temperature 
• Trap elution solvent 
• Trap elution volume 
• Temperature and flow rate 
INTRODUCTION 
 36
At a constant pressure, the effects of temperature on the solvating power of the 
supercritical fluid (CO2) are dependent on the interplay between analyte volatility and 
CO2 density (Taylor, 1996). Increasing the temperature at low pressure was found to 
reduce the solvating power of CO2 in the extraction of artemesinin from Artemesia annua 
(Xing et al., 2003) and ginkgolides from Ginkgo biloba (Chiu et al., 2002). On the 
contrary, increasing temperature at high pressure enhanced the solvating power (Römpp 
et al., 2004). The above studies showed that density effect predominated at low pressure 
while volatility effect was greater at high pressure. Temperature also affects desorption, 
diffusion and dissolution of the analyte directly by imparting the analyte with more 
energy to overcome the energy barrier for dispersion forces (Hsieh and Chang, 1997). 
However, high extraction temperature may not necessarily yield greater quantities of the 
analyte due to thermal degradation. Increasing the temperature from 35 to 55 °C at 100 
atm drastically reduced the number of extracted components from Perovskia sp. 
(Pourmortazavi et al., 2003).  
 
(ii)(b) The effect of modifier 
A polar modifier is usually added to improve the solubility of the more polar 
analyte in the supercritical fluid or to competitively displace the analyte from the matrix 
active sites (Luque de Castro et al., 1994; Jeong and Chesney, 1999).  Polar modifiers, 
such as water or methanol, have the added advantage of inducing swelling of the matrix 
thus improving accessibility to more remote matrix interior sites (Lagenfeld et al., 1994; 
Kim et al., 2008). The addition of a modifier is reported to increase the yield of the 
analyte of interest by up to three-fold (Choi et al., 1998; Wang et al., 2001). The most 
common modifier used is methanol which has excellent hydrogen bond donating and 
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accepting properties and is thus useful for extracting polar analytes, although ethanol is 
sometimes used (da Costa et al., 1999; Kong et al., 2009; Sánchez-Vicente et al., 2009; 
Shi et al., 2009). Methanol-modified CO2 also led to the recovery of an additional 
flavanone from osage orange tree root bark (da Costa et al., 1999). This additional 
flavanone was absent in the extracts obtained by the conventional solvent extraction 
methods. In some cases, water (Brunner et al., 1992; Kim et al., 2008; Iheozor-Ejiofor 
and Dey, 2009; Shi et al., 2009) as well as natural plant oils (Ciurlia et al., 2009; Shi et 
al., 2009) were used as modifiers.  The addition of a modifier will, however, add to the 
complexity of the SFE system. First and foremost, the critical conditions of the system 
will change with the use of a modifier and the extraction conditions must be modified to 
ensure a homogeneous single phase of the extractant fluid. In SC-CO2 extraction, it is 
recommended that temperature should be increased to around 70-80 °C with the addition 
of 10 % v/v modifier, although lower temperatures have been used in practice 
(Hawthorne and King, 1999). Secondly, there may be poorer selectivity for the analyte 
due to increased co-extraction of unwanted substances (Kohler et al., 1997). Thirdly, the 
modifier may condense on the solid-phase trappings, reducing the transfer efficiency of 
analyte from CO2 to the solid phase (Hawthorne and King, 1999). Hence, a modifier 
should only be used when increasing the SF density fails to extract the compound of 
interest. Even so, poor yields may still result despite the use of high extraction pressures 
and modifiers. Yields of polyphenolic and glycosidic compounds from hawthorne, 
marigold and chamomile were shown to remain low even at a high extraction pressure of 
689 bar, with 20 % ethanol in CO2 (Hamburger et al., 2004), and hypericin yields 
remained low despite addition of ethanol as a modifier (Catchpole et al., 2002). 
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(ii)(c) The effect of extraction mode 
Supercritical fluid extraction may be carried out via static, dynamic or a 
combination of both modes of extraction. Static extraction involves a fixed amount of 
supercritical fluid interacting with the matrix over a specified time. It is generally 
preferred if the extraction process is desorption / kinetics controlled (Hawthorne and 
King, 1999) or in situations dealing with low concentrations of analytes strongly bound to 
the matrix (Chen and Ling, 2000). If a modifier is used, a static hold step (usually 15 
min) would provide better sample-SF contact and facilitate transport of modifier into the 
sample matrix (Hawthorne and King, 1999; Pourmortazavi et al., 2005). Changes in flow 
rate would not have significant impact on the process as observed in the extraction of 
artemisinin from Artemesia annua, whereby the artemisinin solubility was hardly 
affected within the range of 10-320 ml/min of CO2  (Xing et al., 2003). If the extraction 
process is diffusion controlled, a dynamic phase would be beneficial as fresh extractant is 
continuously passing through the sample (Ashraf-Khorassani and Taylor, 1997). An 
increase in the flow rate would improve the efficiency of extraction. Nevertheless, too 
high solvent velocities may be detrimental to extraction efficiency due to low loading of 
the supercritical fluid and poor analyte trapping, while too low velocities may lead to 








D. Use of the Taguchi design for optimization of extraction processes  
Study of the influence of various extraction parameters is critical for the 
optimization of an extraction process. Statistical methodologies are often employed for 
the optimization of the extraction process. While factorial designs allow the 
determination of optimum conditions, large numbers of experiments are required (Khajeh 
et al., 2005). Design of experiment (DOE) methodologies or chemometrics provide more 
comprehensive information on the behavior of the extraction system and require smaller 
number of experiments. This allows a reduction in solvent consumption and material 
wastage, as well as shorter product development time. The use of chemometrics allows 
elucidation of optimum experimental conditions, and describes the interaction and 
curvature effects between the variables which would not be possible from univariate 
optimization methods. 
 
In this study, the use of the orthogonal array design, or Taguchi design, will be 
explored as a means of understanding the effects of various process variables on the 
extraction process. The methodology of the Taguchi design for optimization of analytical 
procedures have been explained in-depth in a 5-part series by Lan et al. (Lan, 1994a; Lan, 
1994b; Lan, 1995a; Lan, 1995b; Lan, 1995c) and a book by Roy (Roy, 2001). The design 
allows rapid determination of the optimal conditions and identification of the individual 
influence of each factor (Pourmortazavi et al., 2004). Several researchers have also 
employed the Taguchi design to investigate the influence of various extraction process 
parameters (Cao et al., 2007; Chen et al., 2007; Ghasemi et al., 2007; Guan et al., 2007; 





























There is a strong interest in research and development of botanical materials and 
associated technologies. Numerous studies have shown that sample preparation, 
including particle size reduction and extraction method employed, has significant 
influence on the yields of bioactive components from botanical matrices (Luthria and 
Mukhopadhyay, 2006). Yet, particle size reduction is not often studied as part of the 
product development cycle. Conventional methods of size reduction have resulted in 
untargeted broad particle size distribution at low throughput and high dust and fines 
generation leading to product wastage and worker health safety issues. Thus, the use of 
conical screen milling as a versatile, precise and economical alternative to existing 
milling technologies for botanical materials was investigated in this study. 
 
The choice of extraction method directly influences the extraction of bioactive 
compounds from botanical matrices. Significant variation in the yields of chlorogenic 
acid and total phenolics was observed when aliquots from a similar batch of 
homogenized eggplant were extracted using different extraction methods and solvents 
(Luthria and Mukhopadhyay, 2006). Additionally, the growing awareness of 
environmental problems and the increasing preference of consumers for botanical 
remedies have resulted in the search for modern extraction technologies which offer 
greater extraction efficiency, less consumption of organic solvents as well as cleaner 






Thus, the objectives of this study were: 
 
1. To screen botanicals commonly used in the South-East Asian region for 
bioactivity. The aim was to identify a suitable botanical with strong antioxidant 
and antibacterial properties to be used as a model for further investigation. 
 
2. To study the effects of impact, cut and conical screen milling methods for size 
reduction of a model botanical material for extraction purposes. This study also 
explored conical screen milling, a relatively new milling technology, as a possible 
replacement for the conventional impact and cut milling methods. 
 
3. To investigate the effects of different extraction methods (SXE, PLE and SFE) on 
the extraction of a milled model botanical material. The effects of PLE and SFE 
process variables on the yields and bioactivity of the extracts were studied and the 
extraction processes optimized. 
 














































1.  Botanical materials 
The eight botanicals chosen for screening of antimicrobial and antioxidant 
activities were Persicaria hydropiper, Murraya koenigii, Arachis hypogaea, Typhonium 
flagelliform, Epipremnum pinnatum, Houttuynia cordata, Magnolia officinalis, and 
Imperata cylindrica (Fig. 5). Magnolia officinalis (Magnolia) bark from Zhejiang, China 
was purchased from WHL Ginseng & Herbs (Singapore), while all other botanical 
materials were purchased from a herbal vendor in Outram Park wet market in Singapore. 
Magnolia bark and Imperata cylindrica rhizomes were authenticated by Prof. Baolin 
Guo, Director of the Institute of Medicinal Plant Development of the Chinese Academy 
of Medical Sciences (China), while the rest were authenticated by the Herbarium of the 
Singapore Botanic Gardens (Singapore). The voucher specimens for each botanical 
material were preserved under the reference number 001-CS0807 to 008-CS0807 at the 
Herbarium of the National University of Singapore, Raffles Museum of Biodiversity 
Research and the Department of Biological Sciences of the National University of 
Singapore. Natural variations of the starting material were minimized by obtaining the 
materials from the same source and as far as possible, the same batch. The fresh 
botanicals were kept in a refrigerator for no longer than three days prior to extraction. 
Magnolia bark was dried in a cool, dark room (room temperature 19 °C, relative humidity 


































Fig. 5. Botanical materials used in screening study: (a) Persicaria hydropiper, (b) 
Murraya koenigii, (c) Arachis hypogaea, (d) Typhonium flagelliforme, (e) Epipremnum 











2.  Chemical standards and reagents 
Honokiol (ca. 99.9 %, lot 050203) and magnolol (ca. 99.9 %, lot 040720) were 
purchased from Seachem Company, Beijing, China. The standards were stored at 4 °C 
until use. Quercetin and 2,2-diphenyl-1-picryl-hydrazyl (DPPH) were purchased from 
Sigma Aldrich (USA). Methyl, ethyl, propyl and butyl parabens used in liquid trapping 
purge tests were obtained from Sigma Aldrich, USA. 
 
3.  Solvents 
Absolute ethanol (99.9 %) was obtained from Far East Distiller, Singapore. n-
Hexane, ethyl acetate, methanol, and acetonitrile (analytical grade, Tedia, USA) as well 
as de-ionized water were used as extraction solvents. Methanol, acetonitrile and o-
phosphoric acid (HPLC grade, Tedia, USA) were used as HPLC mobile phase. Purified 
liquid carbon dioxide (99.8 % purity, Soxal, Singapore) was used for SFE. n-Hexane 
(analytical grade, BDH, England) was used for PLE and SXE. Nitrogen gas (99.99 %, 
Soxal, Singapore) was used for purging  the extraction cartridge in PLE. 
 
4.  Microorganisms, growth media and standard antibiotic discs 
Four types of bacteria and one type of yeast were used for antimicrobial tests. The 
test bacteria included Gram-positive Staphylococcus aureus (ATCC 6538P) and Bacillus 
subtilis (ATCC 6633), Gram-negative Pseudomonas aeruginosa (ATCC 9027) and acid-
fast Mycobacterium smegmatis (ATCC 14468). Candida albicans (ATCC 2091) was 
used as a representative of yeast. All microorganisms were purchased in the form of 




UK) and Sabouraud dextrose agar (Acumedia Manufacturers Inc., USA) were used for 
the cultivation of bacteria and yeast respectively. Mueller Hinton agar (MH-2, 
BioMérieux, France) was used in antimicrobial screening. Commercial antibiotic discs 
(diameter 6 mm) used in this study were purchased from Oxoid Ltd., UK. Chlorhexidine 
(Merck, Germany) was used to prepare chlorhexidine discs for screening against Candida 
albicans. Rifampicin (Taizhou Tianrui ChemPharm, China) and streptomycin sulphate 
(Biological Industries, Israel) were used as the reference antibitotics in the minimum 
inhibitory concentration (MIC) and fractional inhibitory concentration (FIC) studies. 
 
5. Other material 
Glass wool (Poly Glass Fibre, Malaysia) and glass beads (1 – 2 mm diameter, 
Grade JM30, Pan Abrasives, Singapore) were used as packing material for PLE and SFE 
processes. The glass beads were washed with dilute acid to remove surface alumina 





1. Milling equipment 
a. Impact and cut mill 
 Impact and cut milling were carried out using the rotary hammer mill (Fitz-Mill 
Comminutor M5A, Fitzpatrick Company Ltd., USA). The impeller of the mill consisted 
of 16 blades arranged radially in stacks of four. Each blade had a sharp edge on one side 
and a blunt edge on the other. Impact milling was effected when the impeller was rotated 




rotated in a sharp-edge forward configuration (anti-clockwise), as shown in Fig. 6(a). The 
mill was fitted with a round-bore retention screen of aperture size 4750 µm at the 
discharge opening (Table 8, Fig. 6(b)). The screen allowed oversized material to be 
retained for further size reduction while particles of appropriate size were passed through 
as finished product. 
 
b. Conical screen mill 
 A 2-horsepower overdriven conical screen mill (Model 197S, Quadro Comil®, 
Canada) was also employed for this study. Two types of impeller were used: a 
rectangular-bar impeller and a round-bar impeller with teeth (Fig. 7), together with two 
types of conical screen configurations (Fig. 8). The properties of different screens used in 
the study of conical screen milling of Magnolia bark are shown in Table 9. Round and 
grater-bore screens of aperture size 4750 µm were used for comparison against impact 
and cut milling. Conical screen milling was carried out with the smallest gap setting 
between the impeller and the screen, which was maintained by spacer bushings on the 
impeller shaft (Fig. 9). The thickness of these spacer bushings used for different screens 




























Fig. 6. (a) The rotating assembly of the FitMill® comminutor M5A, and (b) the cross-











Aperture size  % Open area Screen 
thickness  
Inches µm Inches µm 




















Fig. 7. (a) Rectangular-bar impeller, part no. 2A-1607225 (top view, insert) and (b) 
round-bar impeller with teeth, part no. SA-1611169 (top view, insert). 
 
(a)           (b)  
 















Fig. 9. (a) Planar view of the rectangular bar-conical screen set-up and (b) cross-sectional 





Table 9. Characteristics of screens used in conical screen milling with the appropriate spacer bushings employed. Shaded boxes 





Thickness of spacer bushings 
used to maintain closest 











Inches µm Inches µm 
187R 0.275 0.325 Round 0.187 4750 51 0.037 940 
187G 0.275 0.350 Grater 0.187 4750 23 0.031 787 
094G 0.150 - Grater 0.094 2388 23 0.031 787 
125G 0.275 - Grater 0.125 3175 23 0.031 787 
250G 0.275 - Grater 0.250 6350 30 0.031 787 
375G 0.275 - Grater 0.375 9525 28 0.031 787 
500G 0.275 - Grater 0.500 12700 33 0.031 787 
 







2. Extraction equipment 
a.  Soxhlet extractor  
 All SXE experiments were conducted using an automated Soxhlet extractor 




















b. Pressurized liquid extractor  
PLE was performed using a Dionex ASE 100 instrument (Dionex Corp., 
Sunnyvale, California, USA). The system consisted of a single solvent module, a pump 
delivering fixed fluid pressure at 1500 psig (103.4 bar), thermostated extraction vessel 
capable of reaching temperatures up to 200 °C, an electrovalve and an extract collection 
device (Figs. 11 and 12). The extraction vessel available had an internal volume of 100 
ml and was secured with hand-tightened caps. Both ends of the vessel caps were fitted 
with stainless steel frits of 10 µm aperture size to prevent entrainment of fine particles 

































Fig. 11. The ASE-100 unit used for PLE in this study. 
 
 
Fig. 12. Schematic diagram of the ASE-100 pressurized liquid extraction system. 










c. Supercritical fluid extractor  
 
All SFE experiments were carried out on a supercritical fluid extraction unit 
equipped with a co-solvent addition module (SFT 150, Supercritical Fluid Technologies, 
USA) (Fig. 13). A stainless steel extraction vessel (100 ml internal volume) with hand-
tightened caps equipped with stainless steel frits (10 µm aperture size) was used for all 
processes. Carbon dioxide was compressed to the desired extraction pressure by means of 
an air-driven pump and supplied through the bottom of the extraction vessel. The 
equipment was capable of withstanding up to 10,000 psig (689.5 bar) of pressure. 
However, in-house compressed air supply restricted the pressure capabilities to around 
7500 psi (517 bar). A chiller unit (Julabo, Germany) served to protect the pump from 
cavitation. The temperature (precision ± 0.5 °C) was controlled by means of a fuzzy-logic 
controller (AI-100, TTI Inc., USA) with band heaters capable of reaching 200 °C 
(accuracy ± 0.1 °C) to supply heat to the extraction vessel. Flow rates of liquid CO2 
(accuracy ± 0.5 ml/min) were controlled by a variable restrictor valve (back pressure 
regulator) and measured as the flow rate of expanded gaseous CO2 by an externally 
mounted gas flowmeter (Dwyer® Instruments Inc., USA). The restrictor was pre-set at 80 
°C at factory level. Fig. 14 shows a simple schematic diagram of the SFE system 

















































Fig. 14. Diagram of SFE system. (1) Liquid CO2 cylinder with dip tube, (2) air supply, 
(3) bulkhead, (4) valve, (5) liquid CO2 pump, (6) Julabo chiller inlet and outlet, (7) CO2 
check valve, (8) co-solvent pump bulkhead, (9) co-solvent check valve, (10) externally 
mounted pressure gauge, (11) inline safety head and rupture disc assembly, (12) band-
heated stainless steel extraction vessel, (13) static/dynamic valve, (14) restrictor valve, 












1. Screening of botanical extracts for antioxidant and antimicrobial activities 
a. Preparation of botanical materials prior to extraction 
Before extraction, fresh botanicals were cut into 1 cm pieces with pruning 
scissors, except Imperata cylindrica rhizomes and Magnolia officinalis bark which were 
milled into fine powder using a pulverizer mill (Christy & Norris, UK).  
 
b. Extraction and preparation of crude extracts 
A solvent to feed ratio of 40 : 1 (ml : g)  was used for extraction of the botanical 
material. Three extraction methods were employed: (1) boiling in water for 1 hour, (2) 
maceration in water for 24 h at room temperature, and (3) maceration in 80 % v/v ethanol 
for 24 h at room temperature. Houttuynia cordata was extracted using an additional 
extraction method that involved boiling in water for 20 min as recommended by the 
herbalist and quoted in literature for preparation of that particular botanical extract 
(Kimura et al., 1996). Coarse particles were removed from the crude extract using 
Whatman No. 1 filter paper (Whatman International, UK) prior to evaporation.  
 
c. Extraction of fresh juices 
Houttuynia cordata and Epipremnum pinnatum stems, and Typhonium 
flagelliforme aerial parts and rhizomes, were crushed and pounded gently in a mortar, 
then wrapped in linen cloth and squeezed to obtain fresh juices. Coarse particles were 





d. Evaporation of extracts and determination of extractable solids yield  
The botanical extracts were evaporated to dryness under reduced pressure in a 
rotary evaporator (Model N1000, Eyela, Japan) at 40 °C for ethanol extracts and 60 °C 
for water extracts and fresh juices. The solid content of the extract, referred as extractable 
solids (ES) yield, was determined gravimetrically as the percentage weight of dried 
extract with respect to weight of crude botanical used in the extraction. Dried extracts 
were stored in a freezer at -20 °C until further analyses. 
 
e. Characterization of botanical extracts 
The crude and dried extracts were characterized by their odor, appearance and 
texture.  
 
f. Determination of antioxidant activity using the DPPH radical scavenging assay 
Antioxidant activities of the extracts were determined using the 2, 2-diphenyl-1-
picryl-hydrazyl (DPPH) assay. One hundred micrograms of dried extract was used for  
DPPH assay and antimicrobial screening using a method modified from a previously 
reported study (Marwah et al., 2007). The dried extract was dissolved in 1.56 ml of 
methanol, mixed with 40 µl of 2 mM DPPH in methanol and then topped up with 
methanol to 1.6 ml in a polyethylene microfuge tube. The final solution was allowed to 
react in dim light for 15 min before centrifuging at 4000 rpm, or 1165g (Kubota 2100 
Centrifuge, Japan) for 5 min. Absorbance of the supernatant was measured at 517 nm 




were carried out in triplicates. The DPPH radical scavenging activity was calculated 
using the following equation (Maisuthisakul et al., 2007): 
 






         (Equation 3) 
 
where A0 is the absorbance of the control solution containing only DPPH after 
incubation; A1 is the absorbance in of test solution containing dried extract in DPPH 
solution after incubation; and As is the absorbance of the extract solution without DPPH 
for baseline correction arising from unequal color of the sample solutions (optical blank 
for A1). 
 
g. Antimicrobial screening of botanical extracts 
(i)  Preparation of culture media 
Nutrient agar, Sabouraud dextrose agar and Mueller-Hinton agar were prepared 
by dissolving the appropriate amounts of dehydrated media in distilled water. All culture 
media were sterilized by autoclaving at 121 °C for 20 min except Mueller-Hinton agar 
which was autoclaved at 116 °C for 15 min as recommended by the manufacturer. 
 
(ii)  Preparation of extract- and standard-loaded discs 
Filter paper discs (diameter 5.5 mm, Grade 54, Whatman International, UK) were 
sterilized by autoclaving at 121 °C for 20 min and oven-dried at 40 °C overnight. Extract-
loaded disc was prepared by impregnating the sterile disc with 100 µg of the dried 




impregnating the sterile disc with 10 µg of magnolol, honokiol and their 1:1 combination. 
All extract- and standard-loaded discs were freshly prepared before the antimicrobial 
screening experiments. The discs were then allowed to condition to room temperature 
before the test. 
 
(iii)  Screening of botanical extracts for antimicrobial activity 
Antimicrobial activities of the extracts were determined by the Kirby-Bauer agar 
diffusion method according to the Clinical Laboratory and Standards Institute, CLSI, 
standards (2000) and King and Brown (2001). Appropriate agar plates were inoculated 
and incubated at 37 °C for 48 h for M. smegmatis and 18 h for the other bacteria, and 24 
°C for 72 h for yeast.  The agar surfaces were then washed with sterile water and the 
washings were diluted to match the turbidity of McFarland 0.5 standard (1.5 x 108 CFU / 
ml). The microbial suspension obtained was further diluted 10-fold and 200 µl of the 
diluted suspension, containing approximately 3 x 106 CFU, was spread evenly onto the 
surface of the Mueller-Hinton agar. The plates were allowed to dry for 15 min before the 
test discs were placed at equidistance from each other. Each plate consisted of one 
standard antibiotic disc and three other discs impregnated with various extracts. After 
standing for 30 min, the agar plates were incubated in an inverted position at 37 °C for 48 
h for M. smegmatis, 18 h for the other bacteria and at 24 °C for 72 h for yeast. Diameters 
of the zone of inhibition (ZIH), defined by the clear area devoid of growth, were 
measured as shown in Fig. 15. The average diameter of ZIH was calculated as follows:  
Average diameter of the ZIH = 
2
21 DD +


















Fig. 15. Measurement of ZIH. The striped circle indicates the reference antibiotic disc or 
extract-loaded disc, while the clear area represents the ZIH. 
 
 
Antimicrobial activity was determined by the percentage ratio of the average ZIH 
diameter of the test disc to that of the reference antibiotic disc in the same agar plate 
(Equation 5). The higher the percentage activity, the more potent the antimicrobial 
properties of the extract against a particular microorganism. 





   (Equation 5)  
Positive controls (inoculated agar plates without reference antibiotic discs) and negative 
controls (agar plates without test microorganisms and reference antibiotic discs) were 
prepared. Positive controls assessed the viability of the bacteria on the medium while 









2. Milling of Magnolia bark 
a. Pre-selection of raw material 
Pieces of bark with similar dimensions were selected to ensure the starting 
material was homogeneous in dimension. The width and thickness of 150 pieces of 
Magnolia bark were measured at three different points along the length of the bark using 
a micrometer (Digimatic Micrometer Series 293, Mitutoyo Corp., Japan) while the length 





























b. Comparison of different milling methods on the bulk properties of Magnolia bark 
 Magnolia bark of feed weights 100, 200 and 400 g were introduced into the 
FitzMill® and the conical screen mill by the choke feeding method. These feed weights 
were chosen to represent various filling conditions of the milling chamber, where 100 g 
represented dilute milling conditions, while 200 g and 400 g represented intermediate 
(loosely packed) and saturated milling conditions respectively. Choke-feeding was 
employed to simulate large industrial set-ups especially when only a small amount of 
material is to be milled in a single operation (Parrott, 1986).  To prepare the different feed 
weights, sampling was carried out from each stratum of the bag of Magnolia bark in a 
random manner to minimize sampling error due to segregation of bark material in the 
storage bag. Milling was carried out at rotor speeds of 2000, 3000 and 4000 rpm and a 
fixed screen aperture size of 4750 µm was used for all the milling methods studied. The 
milled material was collected in an air-permeable cloth bag to prevent negative pressure 
build-up in the mill. 
 
c. Double-pass milling 
 Double-pass milling using the conical screen mill was conducted by milling 200 g 
of material through a large aperture size grater screen followed by a smaller aperture size 
screen. Rotor speed was fixed at 3000 rpm. The order of reduction was the ratio of screen 
aperture size used in the first pass to that used in the second pass (Equation 6): 
 
Order of reduction = Screen aperture size (first pass) / Screen aperture size (second pass) 




d. Milling efficiency 
 Milling efficiency was measured by determining the percentage of material 
milled, retained on the screen and lost as dust. The amount of milled material collected in 
the bag and that retained on the retention screen at the end of each milling process were 
weighed. The difference between the total weight of milled and retained material from 
the original feed weight was assumed to be the loss of material as dust during the milling 
process. The weights of material milled, retained on the screen and lost as dust were 
expressed as percentages of the original feed weight.  
 
e. Characterization of different particle size fractions  
The dried bark was milled down using a Fitz-Mill with knife-edged configuration 
(Fitzpatrick, Comminutor M5A, USA) and a 0.187” screen at rotor speed of 2000 rpm. 
Milled material was then classified with sieves using a vibratory agitator (Retsch, Model 
VS 1000 Germany) at amplitude 2 mm for 15 min. The different particle size fractions 
were dried at 70 °C till constant weight to remove residual moisture and left to equilibrate 
to room temperature in a desiccator prior to testing. True density of milled material was 
obtained using helium pycnometry (Penta-Pycnometer, Quantochrome, USA).  
 
Samples were taken from each size fraction and cleared with hot 75 % w/v chloral 
hydrate on a microscope slide to remove plant pigmentation. The structures of the 






f. Characterization of the particulate and bulk properties of milled Magnolia bark 
(i)  Sampling 
 Each batch of milled sample was well-mixed in a bag. Scoop sampling at different 
locations of the bag was carried out and the samples combined together for 
characterization of the milled material. 
 
(ii) Determination of particle size and size distribution 
 Particle size and size distribution of the milled Magnolia bark were determined by 
sieving in accordance with the procedures described in the United States Pharmacopoeia, 
USP (2005a). The particle size distribution of milled material and those retained on the 
screen were classified separately using a stack of sieves from 125 µm to 4.00 mm in a √2 
progression with the largest aperture size at the top, using the same vibratory agitator for 
20 min at an amplitude of 2 mm. A cumulative percent weight undersize plot was 
constructed and the particle sizes at the 10th, 50th and 90th percentiles (d10, mass median 
diameter (MMD), and d90 respectively) were obtained. The median particle size was 
represented by the MMD value and the particle size distribution was represented by the 




        (Equation 7)  
The particle size range between 250 µm and 2 mm was reported to be ideal for extraction 
(Reverchon and De Marco, 2006). Percent weight of undersize particles (fines) was 
expressed by the cumulative percent weight of particles with size smaller than 250 µm 
and the percent weight of oversize particles was expressed by the cumulative percent 




mass fraction of the particles remaining on each sieve by the difference in aperture size of 
that particular sieve and the subsequent larger sieve in the stack (Muhamad and 
Campbell, 2004).  The work index in double-pass milling experiments was calculated as:  
Work index = MMD obtained from first pass / MMD obtained from second pass  
          (Equation 8) 
(iii) Particle morphology 
 Particle morphology of different size fractions of milled Magnolia bark obtained 
by different milling methods was evaluated qualitatively using a zoom stereomicroscope 
(SZH, Olympus, Japan) connected to a video camera (DXC390-, Sony Corporation, 
Japan) and image analyzer software (Image Pro Plus v6.0, Media Cybernetics Inc., USA). 
 
(iv)  Bulk and tapped densities 
 An aliquot of milled material was allowed to flow freely through a powder funnel 
at a fixed height into a dry 100 ml graduated measuring cylinder up to the 100 ml mark, 
V0. The weight of material in the cylinder, M, was determined and the cylinder was 
subjected to tapping using a mechanical tapped density tester (Stampfvolumeter 
STAV2003, Jel, Germany) until the difference between two consecutive volume 
measurements was less than 2 % to obtain the final tapped volume (Vf) according to the 
USP specifications (2005b). The bulk density (DB) and tapped density (DT) were 












Additionally, the Hausner ratio (HR) and Carr’s compressibility index (CI) were 






         (Equation 11) 





       (Equation 12) 
Hausner ratio gives an indication of flowability in relation to interparticle friction in a 
moving mass of powder subjected to an application of force while CI reflects the bridging 
potential of the powder (Heng et al., 2004). The lower the HR and CI values, the better 
the flowability of the material. The different ranges for HR to characterize flowability are 
defined in the literature (Hayes, 1987) and are displayed in Table 10.  Triplicate 
determinations were performed for each batch of milled sample, i.e. 9 replicates per 
condition. 
 
Table 10. Relationship between Hausner ratio, Carr’s compressibility index and 
flowability of material (Staniforth, 2001b; Hayes, 1987). 
 
Flowability of material Hausner ratio Carr’s compressibility 
index (%) 
Excellent 1.00 - 1.11 5 – 15 
Good 1.12 - 1.28 12 – 16 
Fair 1.19 - 1.25 18 – 21 
Poor (very fluid powders) 1.26 – 1.34 23 - 28 
Poor (fluid cohesive powders) 1.35 – 1.45 28 – 35 
Very poor 1.46 – 1.59 35 – 38 






(v) The effect of milling method on extraction efficiency 
 Batches with similar median size (1000 ± 10 µm) obtained by impact, cut and 
conical screen milling with grater-bore screen and rectangular bar impeller were 
extracted exhaustively by Soxhlet extraction over 8 h with n-hexane as the solvent. n-
Hexane was chosen over other solvents as it was reported to produce the greatest 
proportion of magnolol and honokiol in the crude extract,(Tsai and Chen, 1992). The ES, 
honokiol, and magnolol yields of the different extracts were evaluated.  
 
3. Extraction of milled Magnolia bark 
a. Soxhlet extraction 
One gram of milled bark was placed in a cellulose thimble. Exhaustive extraction 
was conducted with 100 ml of solvent in the Soxhlet extractor. The time taken was 
approximately 8 h for most of the solvents studied. 
 
b. Pressurized liquid extraction 
Ten grams of milled bark was packed into a 100 ml extraction vessel. Both ends 
of the extraction vessel were packed with glass wool to fill up void spaces and a cellulose 
filter was used at the outlet of the extraction cartridge to avoid particles in the extract. 
Extraction was performed using single cycle mode (unless otherwise indicated) and 90 s 







c. Supercritical fluid extraction 
 Studies were carried out to investigate various process parameters. Unless stated 
otherwise, the experiments were conducted in at least three replicates, and their effects on 
the yields of Magnolia bark extraction evaluated. 
 
(i) The effects of process variables 
Ten grams of milled bark was packed into an extraction vessel with an internal 
volume of 100 ml. Both ends of the extraction chamber were packed with glass wool to 
improve the dispersion of Sc-CO2 as well as to reduce free void volume in the chamber. 
The extraction column was heated to the desired temperature and liquid CO2 was 
pressurized using a high-pressure pump and charged into the vessel to the desired 
pressure (± 2 %) according to the Taguchi experimental design in section 3(d). Density of 
CO2 was estimated using Bender’s equation-of-state based on the parameters listed by 
Brunner (1994) while the Hildebrand solubility parameter was estimated using the 
modified equation by Giddings (1969). All extractions involved an initial static extraction 
phase whereby the milled bark was allowed to equilibrate with Sc-CO2 for 60 min, as 
recommended by literature (Glisic et al., 2007). This was followed by dynamic 
extraction, whereby fresh Sc-CO2 continuously flowed through the vessel at a flow rate 
of 2 ml/min of liquid CO2. The extract obtained was collected in a vessel sealed with 
rubber septum and placed in an ice bath (≤ 4 °C).  After each experiment, the lines were 






(ii) The effects of pressure and temperature at fixed Sc-CO2 density 
 The feasibility of using the Hildebrand solubility parameter for solvent matching 
of Sc-CO2 against organic solvents was investigated. Milled material of median particle 
size of 1003 µm was used. The conditions in Table 11 were selected to result in Sc-CO2 
densities approximating 0.7 g/cm3, corresponding to Hildebrand solubility parameter, δ of 
7.4 (cal/cc)0.5, which is close to that of n-hexane (δ at 25 °C is 7.3).  The density of Sc-
CO2 and the Hildebrand solubility parameter are explained in sections C.3.c.(viii) and 
(ix). 
 
Table 11. SFE conditions giving rise to similar Sc-CO2 density (~ 0.7 g/cm3) and 
Hildebrand solubility parameter (~ 7.4 (cal/cc)0.5). 
 
 
 Pressure (bar) Temperature (°C) 
 


























(iii) The effect of static extraction time 
 Static extraction time under optimal conditions was varied from 2 to 60 min and 
the extractable solids (ES), honokiol and magnolol yields were determined as described 
in later sections. The optimal static extraction time determined was employed henceforth 




(iv) The effect of minimizing void volume in the extraction vessel 
 A 1 : 4 weight ratio of milled bark and glass beads was found to be sufficient in 
reducing the void volume in the extraction vessel to a minimum. The milled bark and 
glass beads were mixed thoroughly to ensure homogeneity in the extraction bed. The ES 
yield and relative standard deviation (RSD) of the process were evaluated to determine 
reproducibility when void volume was minimized. 
 
(v) The effect of matrix pre-treatment 
(v)(a) The effect of pre-soaking the botanical material 
 Ten grams of milled Magnolia bark was soaked in 50 ml of distilled water and 
mixed with approximately 40 g of glass beads. The mixture was allowed to stand for 1 h 
and extraction was carried out under pre-determined optimal conditions. 
 
(v)(b) The effect of rapid- depressurization 
 Ten grams of milled Magnolia bark enclosed in the extraction vessel was 
pressurized to 485 bar within 2 min. The bed was exposed to this pressure for 5 min 
before the vessel was depressurized to 90 bar. Five more similar cycles were performed 
before the extraction was carried out under pre-determined optimal conditions. 
 
(vi) The effect of modifier addition method 
 Three methods of modifier addition were studied using methanol as the modifier: 
(1) dispersion with the milled material, (2) direct addition onto the extraction bed and (3) 




modifier was added into the milled bark-glass bead mixture and rapidly dispersed 
throughout the matrix before loading into the extraction vessel. For direct addition, the 
milled bark-glass bead mixture was charged into the extraction vessel and 10 ml of 
methanol was injected on the surface of the packed extraction bed. In-line addition 
employed the compendial modifier pump at a modifier flow rate of 0.2 ml/min. 
 
(vii) Optimization of the liquid trap collection system 
 Purge studies were first conducted by preparing spiking solutions of 4 mg/ml of 
the individual paraben compounds (Table 12) in the selected organic solvent used as the 
liquid trap (Husers and Kleibohmer, 1995; McDaniel, 1999). The minimum volume of 
solvent required to completely immerse the outlet tip of the supercritical fluid extractor 
was 25 ml. The extraction vessel was packed with glass beads and SFE was conducted at 
the optimal conditions as determined from the Taguchi design without static extraction 
time. The liquid trap was purged with gaseous CO2 at 2 ml/min for the optimal dynamic 
extraction time. The remaining paraben compounds were then assayed gravimetrically 
after solvent removal. N-hexane, acetoitrile, methanol and acetone were used as liquid 
traps as both magnolol and honokiol were reportedly soluble in these solvents (Tsai and 
Chen, 1992; Roth and Rupp, 1995). The best solvent allowing complete recovery of these 
compounds was chosen as a liquid trap for the actual SFE run. The results were compared 
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Fig. 17. Collection systems: (a) extract collected in empty vessel, and (b) extract 





(viii) Calculation of CO2 density 
A generalized version of the Bender equation-of-state was used to estimate the 
density of the Sc-CO2 (Giddings et al., 1969): 
P = Tρ[R + Bρ + Cρ2 + Dρ3 + Eρ4 + Fρ5 + (G + Hρ2) ρ2 exp (-a20ρ2)  (Equation 13) 
where P is pressure in MPa, T is temperature in K and ρ is density in g/cm3, with : 
B = a1 – a2 / T – a3 / T2 – a4 / T3 – a5 / T4 
C = a6 + a7 / T + a8 / T2 
D = a9 + a10 / T  
E = a11 + a12 / T  
F = a13 / T  
G = a14 / T3 + a15 / T4 + a16 / T5 
H = a17 / T3 + a18 / T4 + a19 / T5 
 
The coefficients used in the calculation are given in Table 13. 
 
Table 13. Coefficients of the Bender equation-of-state for Sc-CO2 (Brunner, 1994). 
 
R 0.188918   
a1  0.22488558 a11  0.12115286 
a2  137.17965 a12  107.83386 
a3  14430.214 a13 43.962336 
a4  2963049.1 a14  -36505545 
a5   206060390 a15 19490511000 
a6  0.045554393 a16 -2.91867E+12 
a7  77.04284 a17  24358627 
a8  40602.371 a18  -37547530000 
a9  0.40029509 a19  1.18981E+13 








(ix)  Calculation of Hildebrand solubility parameter 
The Hildebrand solubility parameter is calculated from the following equation 
(Giddings et al., 1969): 
δ  = 1.25Pc1/2 (ρr/ρr,1)                                                                           (Equation 14) 
where δ is the solubility parameter in (cal/cc)0.5, Pc is the critical pressure of the gas or 
liquid, ρr is the reduced density of the gas or liquid at experimental conditions, and ρr,1 is 
the reduced density of the gas or liquid at its normal boiling point. Reduced density, ρr, is 
defined as the ratio of the actual density of the supercritical fluid at experimental 
conditions to the density of the fluid at the critical pressure and temperature. 
 
d. Experimental design for the study of the SFE and PLE processes 
Using the L9(3)4 Taguchi design matrix, four variables at three levels each were 
investigated for the SFE and PLE processes (Tables 14 and 15). Extraction was carried 
out in triplicates for each set of conditions. Extraction temperatures chosen for PLE were 
above the boiling point of n-hexane (69 °C) and methanol (64.7 °C) at normal 
atmospheric pressure. Effects of the variables on five outcome indices (IDx), i.e. ES yield 
(ID1), honokiol yield (ID2), and magnolol yield (ID3); magnolol to honokiol (MH) ratio 
(ID4) and antioxidant activity (ID5) were determined, as described in Experimental 
sections C.3.f - h. The kx,y value was defined as the average IDx for each level (Ly) of a 
particular variable. The Rx value was defined as the difference between the maximum and 
minimum kx,y values for a particular variable, where a greater Rx value reflected greater 





Table 14. Factors investigated in the study of the SFE and PLE processes. 
 
Factors in SFE process 
Level 
L1 L2 L3 
A Pressure (bar) 200 300 400 
B Temperature (°C) 50 65 80 
C Median particle size (µm) 683 1003 1413 
D Dynamic extraction time (min) 40 60 80 
Factors in PLE process 
Level 
L1 L2 L3 
A Flush volume (%) 60 70 80 
B Temperature (°C) 70 85 100 
C Median particle size (µm) 683 1003 1413 


















A B C D 
1 1 1 1 1 
2 1 2 2 2 
3 1 3 3 3 
4 2 1 2 3 
5 2 2 3 1 
6 2 3 1 2 
7 3 1 3 2 
8 3 2 1 3 















from the analysis of variance (ANOVA) quantified the relative influence of the variable 
(Roy, 2001). The percent contribution of error (PCerror) referred to the percent 
contribution not accountable by the tested variables and took into account natural 
variances of the starting material. 
 
e. The effect of solvent or modifier type on SXE, PLE and SFE 
 Various organic solvents with different physicochemical properties (Table 16) 
were investigated for SXE and PLE. For SFE, these solvents were used as modifiers to 
Sc-CO2 at 10 % v/v, which was the concentration recommended to enhance the bulk 
solubility properties of supercritical CO2 (Lagenfeld et al., 1994).  
 
f. Determination of ES yield 
Extracts obtained by PLE and SXE were allowed to stand overnight in the 
refrigerator at 4 °C to allow sedimentation of particles, and were further clarified by 
filtration through Whatman Grade 1 filter paper. The extracts obtained by SFE, PLE and 
SXE were then dried under reduced pressure at 40 °C using a rotary evaporator (Model 
N1001S-W, Eyela, Japan). The extractable solids (ES) yield was determined 
gravimetrically as follows:  
ES yield (% w/w) = Weight of dried extract / Weight of bark material used x 100  
          (Equation 15) 
The dried extracts were stored in the deep freezer at -20 °C until further analysis. 
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at 20 °C  
(g/ml) 
Viscosity 


















N-hexane 69 0.6606 0.3 17.91 7.3 0 1.88 0.1 
Ethyl acetate 77 0.9003 0.43 23.75 9.1 1.78 5.8 4.3 
Ethanol  78 0.7893 1.074 22.32 12 1.69 24.6 5.2 
Methanol 65 0.7914 0.54 22.55 13.7 1.7 32.7 6.6 
Acetonitrile 82 0.7857 0.34 19.10 11.7 3.92 37.5 6.2 
Ethanol 50% v/v 81.2 0.9178 2.75 ~ 34.0 16.5 1.77 52.3 7.9 




g. High performance liquid chromatography (HPLC) analysis  
The dried extract was reconstituted with a known volume of methanol and passed 
through a 0.45 µm filter (Sartorius, Germany) to remove any particulate matter. HPLC 
analysis of the sample was conducted using a modified method reported by Tsai and 
Chen (Tsai and Chen, 1992). For all experiments, a HPLC unit (Shimadzu Corp., Japan) 
equipped with a binary gradient pump, autosampler, column oven and diode array 
detector (DAD) was used to assay honokiol and magnolol in the extracts. A reversed-
phase column (Thermosil® C18, 5 µm, 200.0 x 4.6 mm I.D., Thermo Electron Corp., UK) 
fitted with a guard column (UniguardTM HPLC column protection system with drop-in 
cartridge, Thermosil® C18, 5 µm, 10.0 X 2.0 mm I.D., Thermo Electron Corp., UK) and 
isocratic elution using a mobile phase of acetonitrile : 0.1 %v/v  phosphoric acid (65 : 35) 
of pH 2.3 – 2.4 at a flow-rate of 1.0 ml/min were employed to separate honokiol from 
magnolol. The sample injection volume was 10 µl. Detection was performed at 
wavelengths of 208 nm for honokiol and 203 nm for magnolol at 25 °C, as determined by 
the λmax obtained from the diode-array detector, DAD. The reference chromatogram 
showed that honokiol and magnolol were eluted around 5.23 and 6.86 min respectively 
(Fig. 18). 
 
In the construction of the calibration plots, the reference standards, magnolol and 
honokiol, were accurately weighed and dissolved in methanol to prepare standard 
solutions of 6 different concentrations ranging from 3.5 – 35 µg/ml for magnolol and 1.5 






























The yields of magnolol and honokiol from Magnolia bark obtained by SFE, PLE 
and SXE were calculated as the percentage weight of the compound with respect to the 
milled bark used (Equation 16). The proportion of magnolol (or honokiol) in the dried 
extract was expressed as the percentage amount of magnolol (or honokiol) per unit 
weight of dried extract (Equation 17). The selectivity of magnolol over honokiol was 
described by the MH ratio (Equation 18). 
 
Magnolol (or honokiol) yield (% w/w) =  
Amount of magnolol (or honokiol) / Weight of bark material used x 100 (Equation 16)   
 
Proportion of magnolol (or honokiol) in the dried extract (% w/w)  =  
Yield of magnolol (or honokiol) / ES yield x 100      (Equation 17) 
 
MH ratio = Yield of magnolol / Yield of honokiol    (Equation 18) 
 
The HPLC-DAD fingerprints of the various extracts were also determined by 
using an optimized gradient elution mode for the acetonitrile / 0.1 % v/v phosphoric acid 
mobile phase at a flow rate of 1.0 ml/min.  A linear gradient elution was performed from 
40 to 100 % acetonitrile for 24 min, while isocratic elution was carried out at 100 % 
acetonitrile for 10 min, followed by linear gradient elution to 40 % acetonitrile over 5 




h. Determination of antioxidant activity of extracts using DPPH radical scavenging assay 
and Quercetin Equivalents (QE) 
 The DPHH radical scavenging assay was carried out as described in Section C.1.f 
for various dilutions of a known concentration of Magnolia bark extract. The DPPH 
radical scavenging activity (Equation 3) was taken for a series of time points and the 30 
min time point was found to be sufficient for extracts of various concentrations to reach a 
stable end point.  
 
To determine the EC50 of different types of Magnolia bark extract, each extract - 
DPPH solution mixture was placed in a polyethylene microfuge tube and allowed to 
stand in dim light at ambient temperature for 30 min. A plot of the DPPH radical 
scavenging activity versus concentration of extract was constructed. The EC50 value, 
which is the concentration of extract required to scavenge 50 % of the DPPH free radicals 
available was obtained from the plot. Quercetin, a strong antioxidant obtained from 
various plant sources, served as the positive control. The EC50 of quercetin was also 
determined using the aforementioned procedure. The standardized EC50 values of the 
extracts and quercetin were reported as the EC50 per unit mass of DPPH (mg/mg). 
Quercetin equivalent (QE) was calculated as follows (Atoui et al., 2005): 
 
QE = standardized EC50 of quercetin / standardized EC50 of extract  (Equation 19)  
 




4. Evaluation of antimicrobial activities of Magnolia bark extracts obtained by 
different extraction processes 
a. Determination of the minimum inhibitory concentration (MIC) for antibiotics using the 
broth macrodilution method 
 A known concentration of antibiotic was prepared in sterile water. Varying 
amounts of the antibiotic solution were each added to 5 ml of double strength broth and 
200 µl of standardized inoculum (containing approximately 105 CFU). The mixtures were 
each made up to a total volume of 10 ml using sterile distilled water. They were then 
incubated at 37 °C for 48 h and inspected visually for turbidity, which is an indication of 
microbial growth. Positive and negative controls were also prepared. The minimum 
inhibitory concentration (MIC) is defined as the lowest concentration of compound that 
inhibits microbial growth. 
 
b. Development of a microdilution method for determination of MIC 
 A known concentration of antibiotic in sterile distilled water was prepared and 
varying amounts were added to a 96-well plate (Nuclon Surface, Nunc, Denmark) 
containing 100 µl double strength nutrient broth and 4 µl standardized inoculum. 
Sufficient sterile distilled water was added to each well to give a total volume of 200 µl. 
Controls were prepared using killed bacterial cells instead of viable cells. Positive and 
negative controls were also prepared. The plate was incubated at 37 °C for 18 h and 48 h 
for S. aureus and M. smegmatis respectively. Thereafter, the absorbance of the contents 
in each well was measured at 600 nm with a microplate reader (Infinite M200, Tecan, 
Austria) against the corresponding controls. The lowest concentration showing no 
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bacterial growth (i.e. zero absorbance) was taken as the MIC of the sample. The MICs of 
methicillin against S. aureus and streptomycin against M. smegmatis determined by the 
microdilution method were compared to the corresponding MIC values obtained by the 
broth macrodilution method. 
 
c. Determination of the MIC values for extracts and other compounds using the 
microdilution method 
Stock solutions of the extracts, honokiol, magnolol, rifampicin and streptomycin 
in methanol were prepared and mixed in various proportions with nutrient broth in the 
96-well plate according to the microdilution method developed. A preliminary study 
demonstrated that the concentrations of methanol in the test mixtures had no inhibitory 
effect on the test organisms. The plate was allowed to stand for 1 h at room temperature 
to ensure that there was no precipitation of compounds which could affect the MIC 
determination. The plates were then incubated and the absorbance measured to determine 
the MIC. 
 
d. Determination of fractional inhibitory concentration and interactions between 
botanical extracts and standard antibiotics 
 The checkerboard method was used to assess the antimicrobial activity of 64 
combinations of varying proportions of extract and antibiotic in the nutrient broth. Each 
combination was placed in an individual well according to the diagram in Fig. 19. The 
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Fig. 19. Example of a checkerboard used to determine FIC of extracts. The x-axis shows 
the fraction and multiples of MIC of the antibiotic, while the y-axis shows that of the SFE 
extract. The shaded boxes indicate the presence of growth in the corresponding well. The 
boxes marked ‘#’ indicate the boxes along the growth-no growth boundary used to 

















incubated at 37 °C for 48 h. The absorbance was taken against the control as stipulated in 
the preceding section. 
 
 
e. Calculation of mean FIC index 
 The mean FIC index was calculated from the boxes along the growth-no growth 
boundary, as marked with ‘#’ in Figure 19. For each of these boxes, the FIC index was 
calculated using the following equation: 









 =  FICE  +  FICA       (Equation 20) 
where E and A are the minimum inhibitory concentrations of the extract and antibiotic in 
the combination, and MICE and MICA are the MICs of the extract and antibiotic when 
used alone. The mean FIC index of the extract-antibiotic was obtained by averaging the 
FIC indices of all the boxes along the growth-no growth boundary. The nature of 
interaction was classified according to the mean FIC index obtained was shown in Table 
17. 
 
Table 17. Classification of the interaction between two antimicrobial compounds based 
on the FIC index (Mackay et al., 2000; Odds, 2003). 
 
Classification Mean FIC Index 
Synergistic ≤ 0.5 
Indifference > 0.5 and ≤ 4.0 






5. Statistical analysis 
 A minimum of 3 replicates were carried out for all experiments. The difference 
between outcome variables was assessed for significance using one-way or two-way 
ANOVA, multivariate analysis or Student’s t-test where appropriate. Bonferroni post-hoc 
analysis was used to determine the differences between samples. One way analysis of 
variance (ANOVA) was employed to assess the influence of the variables and to identify 
the optimal level of setting for each variable. All statistical analyses were carried out 
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PART I: SCREENING OF COMMONLY USED BOTANICALS FOR 
ANTIMICROBIAL AND ANTIOXIDANT ACTIVITIES 
 
 The objectives of Part I were to screen and select a model botanical with 
promising antimicrobial and antioxidant properties for subsequent extraction studies and 
to evaluate the role of extraction method on the bioactivity of the extracts obtained. Eight 
botanicals were studied: Persicaria hydropiper, Murraya koenigii, Arachis hypogaea, 
Houttuynia cordata, Epipremnum pinnatum, Typhonium flagelliform, Magnolia 
officinalis (bark), and Imperata cylindrica. They are readily available and commonly 
used in the South-East Asian region for various purposes. In addition, they have been 
reported in limited studies to possess antimicrobial properties (Table 18). 
 
A. Physical characterization of the extracts obtained 
 
1. Organoleptic properties 
The color, texture and odor of the botanical extracts prepared by maceration and 
boiling were characterized and found to vary with the extraction methods employed 
(Table 19). Extracts obtained by boiling generally exhibited a darker and more turbid 
appearance than those obtained by maceration in water. This could be attributed to the 
harsher conditions of boiling, resulting in greater extraction of carbohydrates, tannins 
(giving rise to brown coloration of extracts obtained by boiling) and saponins (resulting 
in foamy extracts). Saponin, a natural surfactant, would enhance co-extraction of 
lipophilic substances. Boiling was also more likely to damage the plant cell membrane
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Table 18. Uses and properties of the selected botanicals. 
 
Scientific name / Family name / 
Voucher specimen no. 
Vernacular / 
pinyin names Uses Reported properties 
Persicaria hydropiper (L.) Spach a / 
Polygonaceae / 001-CS0807 
Laksa plant / 
Laliaocao 
Used as a condiment. Also 
employed for diarrhea, 
dyspepsia and as an 
aphrodisiac. Externally, the 
crushed leaves or juice are 
used to treat skin conditions 
such as ringworms, scabies, 
boils, abscesses, carbuncles, 
ulcers or bites of snakes, 
dogs or insects. 
Antioxidant (Haraguchi et al., 
1992; Yagi et al., 1994; Peng et al., 
2003; Abas et al., 2006) and 
antimycotic (Kubo et al., 2001; 
Latha et al., 2003) properties. 
Murraya koenigii Spreng. / Rutaceae / 
002-CS0807 
Curry leaves / 
Jialiye 
Used as a condiment. 
Treatment of piles, 
inflammation, itching, fresh 
cuts, dysentery, vomiting, 
dropsy. 
Reducing halitosis (Math and 
Balasubramaniam, 2003a; Math and 
Balasubramaniam, 2003b), 
antioxidant (Nakatani, 2000), 
antimicrobial (Rahman and Gray, 
2005), antifungal (Das et al., 1965), 
antihyperglycemic and 
antihyperlipidemic (Kesari et al., 
2007) properties. 
Arachis hypogaea (L.) / Leguminosae / 
003-CS0807 
Groundnut /  
Huashenggen 
Anti-inflammatory, 
demulcent, and for topical 
treatment of plantar warts. 









Table 18 (continued). Uses and properties of the selected botanicals. 
Scientific name / Family name / 
Voucher specimen no. 
Vernacular / 
pinyin names Uses Reported properties 




chameleon plant / 
Yuxingcao 
Detoxification, treatment of 
infection, removing toxic 
heat, promoting drainage of 
pus and urination. 
Anti-Severe Acute Respiratory 
Syndrome (SARS) (Li et al., 
2006b). Prevention of urinary 
infection, modulation of neutrophils 
and monocytes, inhibition of 
respiratory bacteria (Wang, 1997). 
Anti-inflammatory activity (Lu et 
al., 2006). Virucidal effects on 
herpes simplex virus type 1 and 2, 
influenza virus, and human 
immunodeficiency virus type 1 
(Hayashi et al., 1995; Chiang et al., 
2003). 
Epipremnum pinnatum (L.) Engl. /  
Araceae / 005-CS0807   
Dragon tail / 
Pashulong 
Detoxification, treatment of 
toxic heat, tendonitis, 
fractures, burns, carbuncles, 
sores and redness 
Cytotoxicity against cancers cell 
(Tan et al., 2005), immuno-
modulating (Wong and Tan, 1996) 
Typhonium flagelliforme Lodd. / Blume / 
006-CS0807 
Rodent tuber / 
Laoshuyu 
Treatment of cough, asthma, 
nausea and cancers 
Relieving cough and asthma 
eliminating phlegm, analgesic, anti-
inflammatory, sedative and 
cytotoxic activities (Choo et al., 






Table 18 (continued). Uses and properties of the selected botanicals. 
Scientific name / Family name / 
Voucher specimen no. 
Vernacular / 
pinyin names Uses Reported properties 
Magnolia officinalis (Rehder & Wils) or 
Magnolia biloba (Rehder & E. H. 
Wilson) Cheng / Magnoliaceae / 
007-CS0807 
Magnolia / Houpo A tonic to improve general 
well-being, also used to treat 
phlegmy cough, diarrhea and 
stomach distention  
Alleviating menopausal symptoms 
(Mucci et al., 2006) and asthma 
(Taniguchi et al., 2000; Wu et al., 
2002), active against 
Propionibacterium acnes and 
Propionibacterium granulosum, 
antimicrobial and cytotoxic 
activities (Ho et al., 2001; Syu et 
al., 2004). 
Imperata cylindrica (L.) Beeuv. var. 








immunostimulating effects (Kimura 
et al., 1996). 
 
a Persicaria hydropiper (L.) is synonymous with Polygonum hydropiper (L.). Persicaria hydropiper (L.) and Persicaria odoratum (L.) 
are commonly used interchangeably in literature while they are two distinct species. Efforts were made to identify the species of laksa 
plants used in this study. The botanical material was probably Persicaria hydropiper (L.). A specimen of the botanical material has 
been deposited in the National University of Singapore Herbarium for future reference. 
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and cell wall which act as natural filters to keep various compounds within the cell, thus 
liberating the cell contents into the solvent. Collectively, the above effects accounted for 
the higher ES yield of boiled extracts. The extracts obtained by maceration appeared “off-
colored” or brownish, as a result of denaturation of chlorophyll and non-enzymatic 
browning (Dhuique-Mayer et al., 2007). The natural fragrances of the botanical material 
were better retained in the extracts obtained by maceration in 80 % ethanol. The latter 
was able to inhibit the growth of microorganisms during the prolonged period of 
maceration and thus prevented microbial breakdown of organic compounds, which is 
often accompanied by an unpleasant odor. The results also showed that ethanol had a 
higher capability of extracting the fragrant components of the botanical material. The 
fragrance of most botanical extracts is due to monoterpenes and sesquiterpenes (Evans, 
2001). These chemical compounds are volatile and easily degraded by heat employed in 
boiling.  Thus, the loss in intensity of fragrance after boiling could be attributed to the 
loss of the volatile fragrant compounds present in the botanical material.  
 
2. Extraction yields 
Traditionally, water is the most commonly used medium for preparation of 
botanicals or herbal medicines. These preparations are prepared either by boiling or 
infusing with hot water and letting the herbs macerate in the liquid medium. As most of 
the antimicrobial and antioxidant activities of botanicals and herbal medicines are 
attributed to polyphenols, 80 % v/v of ethanol is also used as an extraction solvent. It was 
reported that alcohol-water mixtures were the best for quantitative recoveries of 
polyphenol compounds from botanical materials (Oreopoulou, 2003).  
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Table 19. Organoleptic properties of botanical extracts. 
 
Plant name Plant part 
Extraction 
method Solvent Code 
Wet extract Dried extract 


















resinous Sweet odor 
Macerate,  




















odor Dark green Waxy, thick Leafy smell  
Whole 
plant 












 24 h Water PRLW 












of foul odor 
Macerate, 
 24 h 
Ethanol 




odor Dark green 
Shiny, waxy 








Table 19 (continued). Organoleptic properties of botanical extracts. 
 
Plant name  Plant part 
Extraction 
method Solvent Code 
Wet extract Dried extract 
















24 h Water RW 
Clear, pale 


































Dull brown Sticky Strong sweet 
odor 
Macerate, 
24 h Water RSW 
Clear pale 
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Table 19 (continued). Organoleptic properties of botanical extracts. 
 
Plant name  Plant part 
Extraction 
method Solvent Code 
Wet extract Dried extract 





Boil, 1 h Water LB Crude yellow Not foamy 
Strong 
characteristic 








odor of laksa 
plant  
Macerate,  







odor of laksa 
plant  
Brownish Flaky Unpleasant 
smell 
Macerate, 


















odor of laksa 
plant 
Imperata 
cylindrica Rhizomes  
































Sticky Smell of 
caramel 
 
Continued on the following page 
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Table 19 (continued). Organoleptic properties of botanical extracts. 
 
Plant name  Plant part 
Extraction 
method Solvent Code 
Wet extract Dried extract 

















Sticky, clear Sweet odor 
Boil, 1 h Water FB Yellow 
ochre 
Slightly foamy 
when shaken Slight acrid 
Golden 
brown Sticky, clear Acrid 
Macerate,  
24 h  Water FW 
Clear bright 




















































odor of curry 
leaves 
Macerate, 














Faint odor of 
curry leaves, 
leafy odor  
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method Solvent Code 
Wet extract Dried extract 
Color Texture Odor Color Texture Odor 
Magnolia 
officinalis Bark 





bark odor  
Brown Sticky, shiny Magnolia bark odor 
Macerate, 




















































oily droplets Sweet 
Rhizomes 
Boil, 1 h Water YRB Murky, white Starchy, 
very foamy 
Strong 





 24 h Water YRW Murky, white 
Starchy,  






80% YRE Murky, white Not foamy 
Faint 
pungent odor Pale yellow Oily Odorless 
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Fig. 20 shows the ES yields of the botanical extracts obtained under the different 
extraction conditions studied. The ES yields obtained were generally low (< 25 % w/w). 
The results were in agreement with reports that the soluble fraction usually formed 
around 20 % or less of the total dry weight of the botanical material (van Wyk and Wink, 
2004). Among the 11 experimental groups, Imperata cylindrica rhizomes produced the 
highest yields (p = 0.001) regardless of extraction methods, followed by Magnolia bark 
(p = 0.001). Both Magnolia bark and Imperata cylindrica rhizomes were obtained in the 
dried form whereas the other botanical materials were used fresh thus containing a higher 
percentage weight of water. Hence, Magnolia bark and Imperata cylindrica rhizomes 
would expectedly produce higher ES yields per weight of raw material weighed. 
Furthermore, these two types of botanical materials were tough and thus comminuted to a 
fine powder prior to extraction. The reduced particle size decreased the internal mass 
resistance for compounds to traverse through the botanical matrix and also increased the 
specific surface area for extraction. Except for Magnolia bark, the ES yields obtained by 
boiling were higher than those obtained by maceration. Clearly, the ES yields were 
affected by the method of preparation, particle size of the botanical material and the 
method of extraction. 
 
Boiling Houttuynia cordata aerial parts in water for 20 or 60 min produced 
comparable yields (p = 1.000). In general, yields obtained by boiling the botanical 
materials in water for an hour were the highest. This was expected as higher extraction 
temperature would enhance mass transfer, disrupt matrix-analyte interactions and 
enhance analyte solubility (Gertenbach, 2002). However, maceration was as efficient as 


























Fig. 20. The ES yields of various botanical extracts obtained by different methods. Error 
bars represent standard deviation (n=3). Houttuynia cordata was also boiled for 20 min as 




Code Botanical material Code Botanical material 
PL Arachis hypogaea aerial parts A Imperata cylindrica rhizomes 
PRL Arachis hypogaea whole plant F Houttuynia cordata aerial parts 
R Epipremnum pinnatum leaves C Murraya koenigii  leaves 
RS Epipremnum pinnatum stems M Magnolia officinalis bark 
L Persicaria hydropiper aerial parts Y Typhonium flagelliforme aerial parts 
  YR Typhonium flagelliforme 
rhizomes 
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boiling for the extraction of Murraya koenigii leaves (p = 0.261). Extraction of Magnolia 
bark by maceration in 80 % ethanol also resulted in higher amounts of extractable 
substances. This was postulated to be due to several factors. Firstly, of all the botanical 
materials studied, Magnolia bark was the only woody material whose composition 
tendsto have a lower affinity for water. Ethanol 80% possessed lower dielectric constant 
(ε = 35.7) compared to water (ε = 80.0) enabling it to solubilize the lipophilic plant cell 
membrane, resulting in leaching out of greater quantities of cell substances into the 
extract. Additionally,ethanol, having a much lower surface tension than water (Table 16), 
would be expected to have a greater wetting ability thus facilitating better solvent-matrix 
contact than in water-based extraction (Gertenbach, 2002). Finally, Magnolia bark is rich 
in essential oils which are more soluble in ethanol than water (Bensky et al., 1993).  
 
It was also demonstrated that maceration of Epipremnum pinnatum leaves and 
stems in water produced very low yield. The stems and leaves of Epipremnum pinnatum 
had thick cuticles and the dense fibrous matrix was high in water content. As the material 
was reduced in size by cutting into 0.5 cm pieces, the reduction was probably insufficient 
to render the material accessible to water without an external force such as temperature or 
agitation. During the boiling process, Epipremnum pinnatum matrices turned from off-
white to brown and then black upon prolonged standing. This strongly suggested that 
oxidation of susceptible constituents could have taken place and it might affect the 
biological activity of the extract. 
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In summary, the extraction yields and physical characteristics of the extracts gave 
an overall view on the efficiency of each of the extraction methods. However, it should 
be pointed out that high extraction yields may not necessarily translate to higher 
biological activities. 
 
B. Evaluation of the antimicrobial activities of the extracts obtained 
  
1. Reference antibiotics for comparison against dried botanical extracts 
The antimicrobial activities of various commercial antibiotic discs against the test 
organisms were evaluated. From the findings, the reference antibiotic dics which were 
effective and which resulted in zones of inhibition (ZIHs) of appropriate size were 
selected for use (Tables 20 and 21). Vancomycin was not chosen as the reference 
antibiotic for S. aureus although it was slightly more active than methicillin because it is 
not normally used in the first-line treatment of staphylococcal infections. Streptomycin 
was chosen over rifampicin against M. smegmatis as rifampicin produced a reddish 
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Table 20. Screening of commercial antibiotic discs against selected microorganisms. 
 
Microorganism Reference 














1 25.0 25.0 25.0 25.0 
(0) 2 25.0 25.0 25.0 3 25.0 25.0 25.0 
Bacillus subtilis Tetracycline  30 µg 
1 25.0 25.0 25.0 25.8 





1 42.0 42.0 42.0 
42.5 
(0.5) 2 43.0 42.0 42.5 3 43.0 43.0 43.0 
Penicillin G 
10 iu 
1 42.0 42.0 42.0 42.3 
(0.3) 2 43.0 42.0 42.5 3 42.0 43.0 42.5 
Methicillin  
5 µg 
1 29.0 30.0 29.5 29.7 
(0.3) 2 30.0 30.0 30.0 3 30.0 29.0 29.5 
Cephaloridine 
30 µg 
1 48.0 48.0 48.0 48.3 
(0.6) 2 48.0 48.0 48.0 3 49.0 49.0 49.0 
Cephalothin 
30 µg 
1 45.0 46.0 45.5 
45.5 
(1.0) 2 46.0 47.0 46.5 3 44.0 45.0 44.5 
Fusidic acid 
50 µg 
1 39.0 39.0 39.0 39.7 
(2.1) 2 42.0 42.0 42.0 3 37.0 39.0 38.0 
Vancomycin 
30 µg 
1 24.0 25.0 24.5 24.2 





1 19.0 19.0 19.0 19.0 
(0) 2 19.0 19.0 19.0 3 19.0 19.0 19.0 
Rifampicin  
5 µg 
1 22.0 22.0 22.0 
22.7 





1 18.0 19.0 18.5 18.2 
(0.6) 2 19.0 18.0 18.5 3 17.0 18.0 17.5 
 
* Numbers in parentheses indicate standard deviations (n = 3). 
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Table 21. Reference antibiotics selected for use in the screening of extracts for 
antimicrobial activity. 
 
Microorganism Characteristics of the 
microorganism Reference antibiotic 
Pseudomonas aeruginosa 
Gram-negative rods, 
obligate aerobes Carbenicillin 100 µg 
Bacillus subtilis 
Gram-positive rods, 
obligate aerobes Tetracycline 30 µg 
Staphylococcus aureus 
Gram-positive cocci, 
facultative anaerobe Methicillin 5 µg 
Mycobacterium smegmatis 
Acid-fast rods,  
obligate aerobes Streptomycin 10 µg 
Candida albicans Budding yeast cells facultative anaerobes Chlorhexidine 100 µg 
 
2.  Antimicrobial activities of the dried botanical extracts 
From the data in Table 22, it was observed that strongly aromatic botanicals such 
as Persicaria hydropiper, Murraya koenigii and Magnolia bark, had broad spectrum of 
antimicrobial activities against various organisms. One possible reason is the presence of 
essential oils and polyphenols which possess antimicrobial activities (Reverchon, 1997). 
In Magnolia bark, the antimicrobial activities are mainly attributed to honokiol and 
magnolol, although the activity of other compounds such as eudesmol, neolignans and 
natural derivatives of honokiol and magnolol have also been reported (Dharmananda, 
2001; Patocka et al., 2006). It was also noted that fewer of the botanical extracts 
possessed activity against M. smegmatis as compared to S. aureus. This may be attributed 
to the capsule present in Mycobacterium sp., which contains a large amount of 
polysaccharides and proteins, rendering it relatively impermeable and resistant to many 
antibiotics (Rezwan et al., 2007). In addition, none of the botanical extracts tested was 
active against Ps. aeruginosa, a Gram-negative bacterium with an outer membrane of 
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Table 22. Antimicrobial activities of various crude botanical extracts. 
 
Plant name Plant part Code 
ZIH (extract) / ZIH (reference) % 
S. aureus B. subtilis Ps. 




PLB 0 0 0 0 0 
PLW 0 0 0 0 0 
PLE 0 0 0 0 0 
Whole plant 
 
PRLB 0 0 0 0 0 
PRLW 0 0 0 0 0 




RB 0 0 0 0 0 
RW 0 0 0 0 0 
RE 0 0 0 0 0 
Stems 
RSB 0 0 0 0 0 
RSW 0 0 0 0 0 
RSE 0 0 0 0 0 
Persicaria hydropiper Aerial parts 
 
LB 30.21 (1.80) 32.46 (1.52) 0 50.00 (0) 50.00 (0) 
LW 0 0 0 0 0 
LE 24.59 (1.64) 0 0 0 0 
Imperata cylindrica Rhizomes 
 
AB 0 0 0 0 0 
AW 0 0 0 0 0 
AE 0 0 0 0 0 
Houttuynia cordata Aerial parts 
 
FSB 0 0 0 0 0 
FB 0 30.00 (0) 0 0 0 
FW 0 0 0 0 0 
FE 0 0 0 0 0 
 




Table 22 (continued). Antimicrobial activities of various crude botanical extracts. 
Plant name Plant part Code 
ZIH (extract) / ZIH (reference) % 
S. aureus B. subtilis Ps. 
aeruginosa M. smegmatis C. albicans 
Murraya koenigii Leaves 
CB 23.81 (9.34) 30.00 (0) 0 0 0 
CW 0 0 0 0 0 
CE 35.38 (5.55) 35.09 (3.04) 0 77.27 (4.55) 0 
Magnolia officinalis Bark 
MB 35.38 (5.55) 36.84 (0) 0 107.41 (6.42) 0 
MW 29.80 (0.87) 32.46 (1.52) 0 71.43 (4.76) 0 





YB 0 0 0 0 0 
YW 22.00 (1.00) 0 0 0 0 
YE 0 0 0 0 0 
Rhizomes 
YRB 0 0 0 0 0 
YRW 0 0 0 0 0 
YRE 0 0 0 0 0 
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phospholipids and lipopolysaccharides. The outer membrane protects the cell, preventing 
the entry of harmful substances. Furthermore, the porin channels allow only hydrophilic 
solutes lesser than 600 Da to enter the cell (Nikaido and Vaara, 1985). These attributes 
render the Gram-negative bacteria more resistant to many host defense mechanisms and 
antibiotics. Unlike Gram-negative bacteria, Gram-positive bacteria do not possess an 
outer membrane around the peptidoglycan. The latter is more permeable and a less 
effective barrier against the entry of harmful substances into the cell (Nostro et al., 2000). 
 
Among the extracts studied, Magnolia bark extract produced the highest activities 
against S. aureus, B. subtilis, M. smegmatis and C. albicans (Table 22, Fig. 21). Ethanolic 
Magnolia bark extract was most active against M. smegmatis, i.e. producing ZIH about 
20 % larger than that of the reference antibiotic disc, streptomycin 10 µg (p = 0.001, 
Student’s t-test, Table 22). The extract of Magnolia bark obtained by boiling produced 
ZIH that was comparable to that of streptomycin 10 µg (p = 0.279, Student’s t-test). As 
M. smegmatis and M. tuberculosis belong to the same genus, the Magnolia bark extracts 
have the potential to treat tuberculosis (King et al., 1953). Another interesting finding 
was the discovery that the extract of Typhonium flagelliforme aerial parts, obtained by 
maceration in water, possessed antimicrobial activity against S. aureus. Thus far, only the 
antimicrobial activity of Typhonium flagelliforme rhizomes was reported. 
 
The ethanolic extract of Murraya koenigii and the extract of Persicaria 
hydropiper obtained by boiling were active against M. smegmatis. Their ZIHs were about 
80 % and 50 % that of streptomycin 10 µg. These extracts also exhibited antimicrobial 
activities against S. aureus and B. subtilis. Additionally, the extract of Persicaria 
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Fig. 21. Zones of inhibition produced by discs impregnated with ethanolic Magnolia bark 
extract against (a) Staphylococcus aureus, (b) Bacillus subtilis, and (c) Mycobacterium 
smegmatis.  Zones encircled by the yellow perforated border were those produced by the 
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hydropiper obtained by boiling was active against C. albicans. It was noted that 
Persicaria hydropiper extracts obtained by maceration in water or ethanol generally 
lacked antimicrobial activity. Hence, extraction by maceration was ineffective in 
recovering the active principles from certain botanical materials. It was also possible that 
heat was needed to convert the extracted compounds to the active form (Oreopoulou, 
2003). The extracts of Houttuynia cordata and Typhonium flagelliforme aerial parts were 
only active against B. subtilis and S. aureus respectively while those of Arachis hypogaea 
whole plant, Imperata cylindrica and Typhonium flagelliforme rhizomes, and 
Epipremnum pinnatum leaves and stems did not show any appreciable antimicrobial 
activity. Imperata cylindrica rhizomes whose yields topped in all the extraction methods, 
also did not demonstrate any antimicrobial activity (Fig. 20, Table 22). 
 
3. Antimicrobial activities of fresh juice obtained from selected botanicals 
Experiments conducted on the extracts obtained by boiling or maceration showed 
lack of antimicrobial activity for some of the botanicals. As there are reports of folkloric 
use of pounded Epipremnum pinnatum stems and Houttuynia cordata leaves as a poultice 
for wounds and various skin ailments, and fresh juice of Typhonium flagelliforme 
rhizomes for cancers (Table 18), the juices of these freshly pounded botanical parts were 
also tested for antimicrobial activity. The fresh juices were found to display moderate 
antimicrobial activities against S. aureus (ZIH less than 30 % that of methicillin 5 µg, 
Table 23). However, they were inactive against the rest of the test organisms. The 
extracts obtained by boiling and maceration generally lacked antibacterial activity against 
S. aureus. It could therefore be inferred that the active principles were degraded by 
exposure to heat and oxidation. 
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Table 23. Antimicrobial activities of fresh juices of selected botanicals. 
 
Plant name Plant part Code 
ZIH (extract) / ZIH (reference) % 
S. aureus B. subtilis Ps. 
aeruginosa M. smegmatis C. albicans 
Epipremnum pinnatum Stems RF 29.38 (0.98) 0 0 0 0 
Houttuynia cordata Aerial parts FF 29.24 (4.42) 0 0 0 0 
Typhonium flagelliforme Aerial parts YF 28.33 (5.77) 0 0 0 0 
 Rhizomes YRF 26.79 (1.79) 0 0 0 0 
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C. Evaluation of the antioxidant activities of the extracts obtained 
The DPPH radical scavenging assay has been reported to be an easy and rapid 
method for determining antioxidant activities of various botanical materials, such as 
onion skin, sage, ginger, turmeric, bell peppers, cinnamon and black pepper (Suhaj, 
2006). The test is based on the reaction of antioxidant substances in the botanical extract 
with the free radical, DPPH (2,2-diphenyl-1-picrylhydrazil), converting the latter from a 
deep violet compound to a colorless 2,2-dihenyl-1-picrylhydrazin. The radical serves as a 
model oxidizing agent.  The extent of discoloration (bleaching) indicates the scavenging 
potential or antioxidant activity of the extract (Jayaprakasha et al., 2007). Additionally, 
the higher rate of discolouration, the more potent the antioxidant activity of the extract in 
terms of hydrogen-donating capacity (Amarowicz et al., 2004). 
 
The antioxidant activities of the dried extracts and fresh juices are presented in 
Fig. 22. All the extract and juices possessed DPPH radical scavenging activities to 
varying extent. While Magnolia bark, Epipremnum pinnatum, Persicaria hydropiper and 
Houttuynia cordata aerial parts and Murraya koenigii leaves demonstrated high radical 
scavenging activities, Typhonium flagelliforme demonstrated low radical scavenging 
activity. The high antioxidant activities of the leaves extracted by boiling or maceration 
in ethanol were probably due to the extracted tannins and photosynthetic pigments. All 
extracts of Houttuynia cordata demonstrated high DPPH radical scavenging activities 
except for fresh juices. Houttuynia cordata extracts prepared by boiling for 20 and 60 
min demonstrated comparable radical scavenging activity (p = 1.000, Fig. 22). This 
implied that extraction of antioxidants was quite exhaustive even at at shorter periods of  






Fig. 22. Antioxidant activities of extracts tested by DPPH assay. Error bars represent 
standard deviations (n=3). Houttuynia cordata was also boiled for 20 min as 




Code Botanical material Code Botanical material 
PL Arachis hypogaea aerial parts A Imperata cylindrica rhizomes 
PRL Arachis hypogaea whole plant F Houttuynia cordata aerial parts 
R Epipremnum pinnatum leaves C Murraya koenigii  leaves 
RS Epipremnum pinnatum stems M Magnolia officinalis bark 
L Persicaria hydropiper aerial parts Y Typhonium flagelliforme aerial parts 









PL PRL R RS LB A F C M Y YR
Plant material
Fresh juices Boiled extract, 20 min
Boiled extract, 1 h Maceration in water, 24 h
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boiling and the antioxidant compounds are heat stable. What was surprising was that the 
fresh juices showed very low DPPH radical scavenging activities as opposed to the 
extracts. This implied that the antioxidant compounds in Houttuynia cordata existed in a 
conjugated or inactive form. Boiling converted these compounds to their active form 
while maceration for 24 h (without heat) allowed ample time for derivatization by the 
natural enzymes found in the botanicals (Oreopoulou, 2003). 
 
Magnolia bark is a rich source of antioxidant compounds, such as biphenols, 
polyphenols and tannins (USDA-FS, 1971; Dharmananda, 2001). The antioxidant 
activities of magnolol and honokiol isolated from Magnolia bark were reported to be 
1000 times higher than those of alpha-tocopherol (Lo et al., 1994). In general, the 
extracts of Magnolia bark, Persicaria hydropiper aerial parts and Murraya koenigii leaves 
obtained by boiling in water showed marginally greater antioxidant activity than those 
obtained by maceration in water (p = 0.048, 0.001 and 0.001 respectively). Antioxidant 
compounds in leafy materials are generally located in conduit structures called apoplasts 
and symplasts (Luwe, 1996; García-Plazaola and Becerril, 2001; Hernández et al., 2001). 
The application of heat in the boiling process facilitated cell rupture and leaching; 
thereby improving the mass transfer of these compounds from the conduit structures into 
the boiling water. Ethanol may be able to partially break down the membranes of the 
plant cells and conduit structures, allowing the leaching of constituents. However, in this 
study, maceration in 80 % ethanol for 24 h exposed the extracts to oxidative and 
hydrolytic degradation. This probably explained the relatively low antioxidant activities 
of some of the ethanolic extracts. The extracts of Magnolia bark, Houttuynia cordata 
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aerial parts and Murraya koenigii leaves (ethanolic extract) had similarly high DDPH 
radical scavenging activities (> 85 %) but markedly different antimicrobial properties 
(Fig. 27 and Table 21). The results suggested that the preparation methods of botanicals 
have significant effect on the bioactivity of the extracts. Thus, the extraction method has 
to be carefully considered in the preparation of crude bioactive products for use.  
 
D. Summary for Part I 
Several novel findings arose from this portion of the study: (a) The extract of 
Magnolia bark obtained by maceration in ethanol had significantly larger ZIH than 
streptomycin 10 µg against M. smegmatis; (b) the extract of Magnolia bark obtained by 
boiling in water demonstrated comparable ZIH to streptomycin against M. smegmatis, (c) 
the aerial parts of Typhonium flagelliforme had antimicrobial activities against S. aureus. 
Among the extracts tested, Magnolia bark showed potent antimicrobial activities against 
S. aureus, B. subtilis, M. smegmatis and C. albicans and possessed the highest 
antioxidant activities in DPPH radical scavenging assay. Thus, Magnolia bark was 
chosen as the model botanical for subsequent investigations on the processes involved in 
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PART II: PARTICLE SIZE REDUCTION OF MAGNOLIA BARK 
 
From the preliminary screening of botanicals for their bioactivities, Magnolia 
bark was selected as the model botanical material for studying the processes involved in 
botanical extraction. An important step in the extraction process is the size reduction of 
material and using the Magnolia bark, the search for the most efficient milling method 
was carried out. The target endpoint was to produce the desired particle size and size 
distribution of the botanical material with high efficiency for the secondary process of 
extraction. Hence, the objectives of Part II were to investigate the effects of different 
milling methods on the size reduction of Magnolia bark and to explore the relative merits 
of conical screen milling as a viable alternative to impact and cut milling. 
 
A. Tissue composition of different sieved size fractions of milled 
Magnolia bark 
One of the most important process variables in extraction is the particle size and 
size distribution of the substrate. Most mathematical extraction models consider the 
substrate to be of homogeneous dimensions. In order to ensure a high reproducibility and 
improved variance of results, most researchers tend to sieve the milled substrate and use a 
specific size fraction for extraction studies. The different sieved size fractions would be 
extracted separately if the effects of “particle size” on the extraction process were to be 
determined. This commonly employed approach, however, leaves room for contention. 
Selection of a specific sieved size fraction is unrealistic as the milled substrate used in 
actual practice hardly ever exhibits such tight size distributions. Packing of such sieved 
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size fractions to form the extraction bed may not be representative of the real situation 
where a much wider size distribution of particles is encountered. 
 
In addition, most botanical materials consist of varying proportions of structural 
components, each with different densities, fragmentation propensities and cell 
compositions. Douglas fir was milled down and different size fractions were found to 
contain cork tissues and fibers exclusively (USDA-FS, 1971; Bashore and Fisher, 1973). 
Materials composed of different botanical tissues may also exhibit different mass transfer 
resistance and mechanisms of extraction, which would also complicate the interpretation 
of extraction results (Reverchon, 1997).  In a study of rose hip seeds extracted by Sc-CO2 
(del Valle and Uquiche, 2002), tough, lignified testa fragments with little oil content were 
found in abundance in the larger sieved size fractions while brittle, oil-rich germ 
fragments were concentrated in the smaller sieved size fractions. Larger sieved size 
fractions of ball milled switchgrass and reed canary grass were also reported to contain 
higher amounts of xylem tissue and lignin content, and were harder to grind compared to 
smaller size fractions (Bridgeman et al., 2007). The same study also revealed that smaller 
particles (< 90 µm) of milled grass had a lower content of volatile compounds but greater 
amounts of soluble compounds compared to the larger particles. These findings indicate 
that the size reduction processes do not randomly reduce all botanical components in a 
uniform manner but cause considerable variations in fragmentation propensities between 
different botanical tissues, resulting in separation of the different components into 
different particle size fractions. Thus, the differences in the extraction yield and recovery 
of active principles may just be due to the differences in constituents present in the 
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various size fractions. Size-based fractionation is therefore best avoided in extraction 
studies unless there is a clear understanding of the distribution of the active components. 
Besides, fractionation is wasteful as not all the botanical material will be used for 
extraction. 
 
In the preliminary study, the milled bark was separated into different sieved size 
fractions. Theoretically, the true density for a homogeneous botanical material should be 
similar for all size fractions. However, there was a difference in true density between the 
different size fractions suggesting that they were composed of different components 
(Table 24). True density was found to increase with decreasing size fraction (p < 0.05). A 
similar trend was observed by Aguilera and Stanley (1999) and was attributed to the 
smaller and less numerous pores in the smaller size fractions. This led to the speculation 
that different types and proportions of plant tissue components were present in each size 
fraction. 
 
Microscopic examination revealed different types and proportions of plant tissues 
in 3 different size fractions studied (Table 25). The large size fraction (1700 - 2000 µm) 
contained largely fibrous materials and no collenchymal or parenchymal cells. Structural 
components which are tough, such as xylem and other fibrous materials, would be more 
likely found in large particle size fractions as they are more difficult to break down 
(Bridgeman et al., 2007). On the contrary, fragile tissues composed of parenchymal and 
collenchymal cells are more easily broken down and are found to a greater extent in the 
smaller size fractions.  
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Table 24. True density of different sieved size fractions of milled Magnolia bark. 
 
Size fraction (µm) True density (g/cc) 
1700 - 2000 1.2534 (0.0071) 
1400 - 1700 1.2650 (0.0041) 
1000 - 1400 1.2630 (0.0053) 
710 - 1000 1.3035 (0.0061) 
500 - 710 1.3206 (0.0048) 
< 500 1.3932 (0.0036) 
 
* Numbers in parentheses indicate standard deviation (n = 10).  
 
 
Table 25. Distribution of cellular structures in different sieved size fractions of milled 
Magnolia bark. 
 
 Sieved size fractions 
Cellular structures < 500 µm 1000 - 1400 µm 1700 - 2000 µm 
Fibers √√ √√ √√√ 
Collenchymal cells √√ √√√ Not observed 
Parenchymal cells √√ √√√ Not observed 
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B. Preparative impact, cut and conical screen milling of Magnolia bark 
for extraction processes 
  
1. Physical characterization and pre-selection of the starting material  
Stripped Magnolia bark had a strong, pleasant fragrance and appeared dark brown 
to black with calcium oxalate crystals deposited on the surface. The moisture content 
after airing the Magnolia bark was found to be 6.93 ± 0.69 % using the Karl-Fisher 
titration method.  The average dimensions of the “commercially” pre-cut Magnolia bark 
slices were approximately 87.25 x 5.64 x 2.74 mm (length x width x thickness; SD 6.63 x 
0.97 x 0.46). 
 
2. Screen and impeller effects in conical screen milling 
Fig. 23 illustrates the use of the different impeller and screen configurations in 
size reduction of botanical material. In a study by another researcher (Walker, 1994), as 
well as in a preliminary investigation in this laboratory, optimum throughput was 
observed at the closest impeller-screen gap setting, thus, this was maintained for all 
conical screen milling experiments. A small impeller-screen gap setting allowed rapid 
discharge of milled product and reduced material slippage between the impeller and 
screen. This further translated into reduced generation of dust and fines, and higher 









Fig. 23.  Size reduction of material with different impeller and screen configurations. 
 
 
Conical screen milling with the round-bore screen was found unsuitable for 
Magnolia bark regardless of impeller type. The use of the rectangular-bar impeller 
instead of the round-bar impeller was only slightly more effective as milling could be 
carried out to some degree at the lowest feed weight (100 g). This was because the 
rectangular-bar impeller provided a low-shear energy which caused some slicing of the 
bark material (Murugesu, 2008). Still, only 57 – 80 % of the starting materials were 
collected, with the rest remaining unmilled in the chamber despite extending the milling 
time. Size reduction with higher feed weights was unsuccessful. When the round-bar 
impeller with teeth was employed with the round-bore screen, the bark material was 
observed to slide around the conical screen mill chamber without fracture occurring. The 
shear-compression force supplied by this impeller was insufficient to overcome the high 
tensile strength of the lignified fibers in the bark tissue even at high rotor speeds. 
Although the lowest feed weight of 100 g was employed, choking of the material within 
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the chamber occurred, resulting in poor material discharge and high resistance to impeller 
movement (freezing). Large amounts of frictional heat were generated due to prolonged 
contact of the rotating parts with the dry, fibrous material, resulting in a rise in 
temperature of the milling chamber as well as in the air passing through the collection 
bag. There is greater tendency for the material to be sandwiched between the round bar 
impeller and screen rather than being cut, thus, the generation of frictional forces and 
non-fracturing of sliced fibrous bark. This observation demonstrated that the round-bore 
conical screen was unsuitable for milling of fibrous material and thus further studies 
employing this screen were not pursued. 
 
On the other hand, conical screen milling with grater-bore screen was found to be 
effective in carrying out size reduction with both types of impellers. This indicated that 
the influence of the screen type in the size reduction of Magnolia bark was more 
pronounced than the influence of the impeller type. Impact on the raised edge of the 
grater screen aperture would first result in elastic deformation of the lignified bark fibers. 
Once the force exceeded the elastic limit of the material, the shearing mechanism would 
cause shredding of the bark material. Fragments smaller than the aperture size would then 
be channeled through the aperture. The roles of the various types of impellers and screens 
in conical screen milling are also strongly influenced by the nature of the material to be 
milled. For example, Schenck and Plank (2008) reported a different impeller-screen 
relationship in dry and wet screening (comminution) of pharmaceutical agglomerates 
using a similar mill setup with both round- and grater-bore screens.  The size reduction of 
the agglomerates was mainly effected by the impeller action while the screen merely 
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served as a classifier. Agglomerates passed through the mill without the screen attached 
were also comminuted, further indicating that size reduction was effected by the impeller 
action.  
 
3.  Milling efficiency and properties of milled Magnolia bark 
 
a. Milling efficiency  
(i)  The effect of milling method on milling efficiency 
Milling efficiency was determined by the amount of material collected from the 
milling process as well as the amount of dust generated. The milling efficiency of cut, 
impact and conical screen milling (with grater screen) was studied in order to select the 
most suitable method of comminuting Magnolia bark to the desired particle size range for 
extraction. The effects of material feed weight and rotor speed are shown in Fig. 24. 
Milling efficiency was found to be primarily dependent on the milling method rather than 
the feed weight or the rotor speed. Multivariate analysis of the results demonstrated that 
conical screen milling was superior to cut and impact milling in terms of percentage 
material milled and dust generation (p < 0.001). The amount of material retained on the 
screen was greatest for impact (p < 0.001) followed by cut milling (p < 0.001) when 
compared to conical screen milling regardless of impeller type.  In the case of cut and 
conical screen milling, the material retained on the screen consisted of light-weight, thin 
interlocking fibers which formed a tufted network. These fibers tended to float in the 
chamber during the impeller rotation and were not directed through the screen apertures. 
In impact milling, the retained particles consisted of these fibers as well as inadequately  
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Fig. 24. The effects of feed weight and rotor speed on milling efficiency of (a) impact 
milling, (b) cut milling and conical screen milling employing (c) the rectangular-bar 
impeller and (d) the round-bar impeller with teeth. 
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fractured bark material. Both types of impeller used in conical screen milling resulted in 
comparable percentage material milled, retained on the screen or lost as dust (p = 1.000) 
but different particle size distribution. It was postulated that both impellers function to 
induce fracture points and cracks along the bark material, which were then propagated by 
the shearing action on the grater screen.  The results supported an earlier finding that the 
impeller acted as a pre-breakage aid in size reduction (Rekhi and Sidwell, 2005). 
 
High levels of dust generation are undesirable as they result in greater product 
wastage, increased risks of cross-contamination and health hazards to the workers. 
Generally, cut and impact milling generated at least 2 - 5 times more dust (2.0 – 6.6 % 
w/w) than conical screen milling (0.4 – 3.5 % w/w, p < 0.001). The impeller-screen 
clearance in the cut and impact mill allowed the particles to slide around the mill housing 
until they were small enough to pass through the retention screen. The longer residence 
time resulted in greater dust generation and lower throughputs (percentage of material 
milled) compared to conical screen milling. Conversely, conical screen milling resulted 
in lower dust generation due to three reasons. Firstly, the material was delivered directly 
by centrifugal acceleration of the impeller to the action zone (screen surface). This 
allowed the milled material to be discharged immediately from chamber after size 
reduction (Quadro, 2005). Secondly, the grater configuration of the screen further 
facilitated the exit of milled material from the milling chamber (Verheezen et al., 2004; 
Schenck and Plank, 2008). Finally, feed was introduced into the milling chamber via an 
angulated throat (Fig. 9(b)). While the first two reasons resulted in a low residence time 
of material in the milling chamber (half the time taken by cut and impact milling), the 
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angulated throat impeded the flow of dust out from the milling chamber into the 
environment.  
 
(ii) The effect of rotor speed on milling efficiency 
At a fixed feed weight, there was no significant difference in dust generation 
when the rotor speed was increased from 2000 to 4000 for all mill types (p > 0.05). As 
expected, larger feed weights required higher rotor speeds to be able to provide sufficient 
energy for size reduction of bark material. An increase in speed from 2000 to 3000 rpm 
for impact and cut milling significantly increased the throughput of material (p = 0.002 
and 0.001 respectively, two-way ANOVA). In general, rotor speed had little effect on 
conical screen milling except at the lowest feed weight. When a feed weight of 100 g was 
passed through the mill equipped with the rectangular-bar impeller, increasing the rotor 
speed from 3000 rpm to 4000 rpm reduced the amount of material milled by about 3 % (p 
= 0.025, one-way ANOVA). This implied that milling efficiency would be compromised 
at rotor speed above 3000 rpm as less time was allowed for the material to pass through 
the screen before it was swept up again in the vortex generated by the impeller. Similar 
findings were reported in the study on size reduction of pharmaceutical granules (Parrott, 
1974). 
 
(iii) The effect of feed weight on milling efficiency 
Feed weight is an important factor especially in an industrial setting where 
materials are processed continuously in bulk. A higher feed weight significantly 
prolonged milling time (p < 0.001) as increased hold-up of material meant that more 
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material had to be milled inside a fixed chamber volume. In this study, dust generation 
was found to decrease significantly by increasing feed weight. Increasing the feed weight 
from 100 to 400 g lead to a minimum 40 % reduction in dust generation for all milling 
methods and up to 84 % and 64 % reduction in dust generation when the rectangular-bar 
impeller and the round-bar impeller with teeth were used respectively with the grater-
bore screen in conical screen milling (Fig. 24). Larger amounts of unmilled material in 
the milling chamber would hinder generation of dust from the milling equipment. The 
percentage of material milled also increased by up to 5 % with increase in feed weight in 
cut and conical screen milling. These results indicated that the conical screen mill 
performed with greater efficiency and generated higher throughput when the milling 
chamber was filled. This concurred with literature reports (Rekhi and Sidwell, 2005; 
Murugesu, 2008). Additionally, material was retained longer in impact and cut milling, 
thus being exposed to frictional heat generated by the rotating parts against the dry 
botanical material. This may result in losses of volatile and thermolabile substances 
(Fisher et al., 1997). The temperature increase in milled product was found to be greater 
in impact milling by 3 – 4 °C compared to other methods. The greater loss of energy as 
heat in impact milling implies a less efficient utilization of energy for size reduction of 
material (Murugesu, 2008). Conical screen milling generated minimal dust while 
maintaining high throughput of material and is thus attractive in bulk size reduction 
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b. Particle size  
The influence of milling method on the particle size and size distribution of 
milled Magnolia bark is shown in Table 26. Generally, cut and impact milling produced 
particles with similar d10 and d90 values (p = 0.206 and p = 0.163 respectively, 
multivariate analysis). Impact milling, however, resulted in larger median particle sizes (p 
< 0.001, multivariate analysis) particularly at higher feed weights. Particles produced by 
conical screen milling were much coarser than those produced by cut and impact milling. 
This was because bark material was delivered by the impeller directly to the screen 
surface where fracture occurred. Particles which were small enough to pass through the 
screen apertures were immediately discharged from the mill. A majority of the particles 
were not subjected to repeated fracturing or attrition as shown by the particle shape of the 
milled product, lower dust generation and lower fines content, which will be elaborated 
on in further sections. In any milling method, oversize particles can be further 
comminuted by multi-pass milling but the fines produced cannot be remedied. Hence, a 
milling method that tends to produce less fines, such as conical screen milling, is 
attractive. 
 
(i) The effect of rotor speed on particle size 
An increase in rotor speed resulted in a reduction of MMD to varying degree for 
all mill types. An increase in rotor speed caused particles to have a small angle of 
discharge from the retention screen, resulting in smaller MMD of milled material (Fig. 
25). This effect was more obvious from 3000 to 4000 rpm for impact and cut milling, and 
conical screen milling using the round-bar impeller with teeth. When the rectangular-bar
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Table 26. The effects of rotor speed and feed weight on particle size and particle size distribution of milled Magnolia bark.  
 
* Numbers in parentheses indicate standard deviation (n = 3). 






























2000 100 133.3 (11.5) 1406.7 (41.6) 2953.3 (147.4) 21.01 (0.91) 40.73 (0.89) 38.27 (1.75) 2.00 (0.06) 
2000 200 136.7 (11.5) 1186.7 (106.0) 3240.0 (115.3) 21.50 (1.32) 44.67 (1.26) 33.83 (0.76) 2.63 (0.33) 
2000 400 126.7 (5.8) 1150.0 (105.8) 3403.3 (143.6) 22.00 (1.80) 43.50 (1.32) 34.50 (3.04) 2.86 (0.15) 
3000 100 180.0 (0) 1180.0 (0) 2573.3 (30.6) 16.45 (0.52) 58.11 (0.76) 25.43 (0.43) 2.03 (0.03) 
3000 200 180.0 (17.3) 1143.3 (204.0) 2900.0 (105.8) 16.00 (3.12) 54.83 (0.29) 29.17 (3.21) 2.43 (0.44) 
3000 400 163.3 (5.8) 1066.7 (56.9) 2763.3 (55.1) 17.33 (1.26) 55.17 (1.76) 27.50 (1.32) 2.44 (0.18) 
4000 100 266.7 (11.5) 993.3 (70.2) 2326.7 (40.4) 17.29 (1.31) 65.00 (0.65) 17.71 (1.08) 2.08 (0.12) 
4000 200 188.3 (18.9) 1006.7 (55.1) 2440.0 (125.3) 15.50 (1.32) 64.33 (1.26) 20.17 (2.57) 2.24 (0.05) 













2000 100 183.3 (40.4) 1600.0 (120.0) 3170.0 (103.9) 15.67 (3.46) 42.82 (1.96) 41.51 (1.93) 1.87 (0.11) 
2000 200 143.3 (5.8) 1183.3 (110.6) 3343.3 (94.5) 20.33 (1.15) 44.33 (0.76) 35.33 (1.89) 2.72 (0.19) 
2000 400 128.3 (10.4) 833.3 (35.1) 3093.3 (97.1) 24.50 (1.73) 46.33 (2.02) 29.17 (1.26) 3.56 (0.21) 
3000 100 166.7 (5.8) 1000.0 (52.0) 2466.7 (28.9) 18.83 (0.85) 59.52 (1.56) 21.65 (1.43) 2.30 (0.09) 
3000 200 166.7 (11.5) 1003.3 (138.0) 2796.7 (143.6) 18.50 (2.18) 55.67 (1.53) 25.83 (3.69) 2.64 (0.22) 
3000 400 153.3 (5.8) 880.0 (30.0) 2573.3 (58.6) 20.17 (0.76) 58.33 (1.04) 21.50 (1.00) 2.75 (0.12) 
4000 100 160.0 (17.3) 960.0 (167.0) 2383.3 (198.6) 19.09 (1.62) 62.79 (4.16) 18.12 (4.27) 2.34 (0.26) 
4000 200 175.0 (13.2) 940.0 (140.0) 2470.0 (95.4) 17.33 (2.75) 63.50 (0.87) 19.17 (2.08) 2.47 (0.27) 
4000 400 158.3 (2.9) 768.3 (31.8) 2200.0 (43.6) 20.17 (0.76) 65.33 (0.58) 14.50 (0.50) 2.66 (0.14) 
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2000 100 230.0 (52.0) 1580.0 (60.8) 2886.7 (90.2) 11.05 (1.78) 57.10 (0.83) 31.85 (1.99) 1.69 (0.14) 
2000 200 193.3 (5.8) 1280.0 (55.7) 2963.3 (46.2) 13.33 (0.76) 57.00 (0.87) 29.67 (1.53) 2.17 (0.07) 
2000 400 210.0 (20.0) 1386.7 (65.1) 3073.3 (80.8) 12.00 (1.50) 55.17 (0.76) 32.83 (2.25) 2.07 (0.06) 
3000 100 193.3 (5.8) 1413.3 (11.5) 2716.7 (28.9) 14.01 (1.15) 61.34 (1.16) 24.65 (0.62) 1.79 (0.02) 
3000 200 200.0 (17.3) 1213.3 (98.1) 2800.0 (72.1) 13.33 (1.89) 59.33 (1.04) 27.33 (2.89) 2.15 (0.16) 
3000 400 206.7 (5.8) 1316.7 (20.8) 2996.7 (55.1) 12.83 (0.29) 56.17 (0.76) 31.00 (1.00) 2.12 (0.01) 
4000 100 206.7 (23.1) 1400.0 (0) 2683.3 (65.1) 12.56 (1.60) 62.41 (2.14) 25.03 (0.65) 1.77 (0.06) 
4000 200 203.3 (5.8) 1303.3 (49.3) 2796.7 (75.7) 12.67 (0.58) 58.83 (1.04) 28.50 (1.50) 1.99 (0.07) 

























































2000 100 283.3 (28.9) 1720.0 (40.0) 2846.7 (30.6) 9.25 (0.73) 52.49 (0.60) 38.26 (1.29) 1.49 (0.02) 
2000 200 286.7 (5.8) 1530.0 (36.1) 3186.7 (125.0) 8.67 (0.29) 54.67 (1.53) 36.67 (1.61) 1.89 (0.04) 
2000 400 290.0 (24.6) 1536.7 (55.1) 3213.3 (75.7) 8.50 (0.87) 54.33 (0.58) 37.17 (1.26) 1.90 (0.04) 
3000 100 266.7 (28.9) 1736.7 (51.3) 2913.3 (30.6) 9.11 (0.88) 51.50 (1.37) 39.39 (1.97) 1.53 (0.08) 
3000 200 291.7 (18.9) 1586.7 (35.1) 3366.7 (65.1) 8.00 (1.00) 53.17 (0.29) 38.83 (0.76) 1.94 (0.04) 
3000 400 286.7 (20.8) 1600.0 (10.0) 3240.0 (36.1) 8.50 (0.50) 53.00 (0.50) 38.50 (0) 1.85 (0.02) 
4000 100 240.0 (0) 1620.0 (20.0) 2880.0 (0) 10.68 (0.21) 55.04 (0.32) 34.28 (0.52) 1.63 (0.02) 
4000 200 283.3 (11.5) 1530.0 (10.0) 3206.7 (77.7) 8.67 (0.29) 54.33 (0.29) 37.00 (0) 1.91 (0.06) 
4000 400 260.0 (20.0) 1526.7 (76.4) 3103.3 (28.9) 9.50 (1.00) 54.00 (0.87) 36.50 (1.80) 1.87 (0.10) 
 
* Numbers in parentheses indicate standard deviation (n = 3). 




Fig. 25.  The effect of rotor speed on angle of discharge of material from retention 
screen. Higher rotor speeds result in smaller angles of discharge and hence smaller 
particles. The converse is true for lower rotor speeds. 
 
rotor was used with 100 g feed weight, increasing the impeller speed from 2000 to 3000 
rpm resulted in a 10.6 % decrease in MMD (p = 0.003, 2-way ANOVA). Further increase 
in rotor speed did not reduce MMD further (p = 0.765, 2-way ANOVA). The use of the 
round-bar impeller with teeth resulted in larger particles than the rectangular-bar impeller 
(p < 0.001, multivariate analysis). The use of the rectangular-bar impeller was more 
energy efficient compared to the round-bar impeller with teeth as similar particle sizes 
could be obtained at lower rotor speed settings. 
 
An increase in rotor speed was also found to bring about a significant reduction in 
the percentage of oversize particles for cut and impact milling as high speeds supplied 
greater energy to fracture the material. Depending on the feed weight, reduction or little 
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change in amount of fines produced was generally noted in both impact and cut milling 
when rotor speed was increased from 2000 to 4000 rpm. However, the opposite was 
observed for cut milling at 100 g feed weight, which could be accounted by the effects of 
different milling mechanisms. In impact milling, the increased rotor speed imparted 
greater impact forces to fracture the material to particles that were sufficiently small to 
pass through the screen. The greater impact forces could also facilitate the passage of 
particles through the screen. The combined effects would result in less material in the 
milling chamber being subjected to repeated attrition to form fines. In cut milling, the 
sharp edges of the impeller enabled a higher force per unit area to be impinged on the 
bark material compared to the blunt end of impeller employed in impact milling. The 
shear force inflicted by the sharp edge had a less extensive effect on the material, and 
more likely to result in particles of contrasting sizes. The large particles would be 
retained in the milling chamber where they would be subjected to repeated and random 
shear forces. Shear force was reported to be more effective than impact forces in 
fracturing the highly-tensile fibrous bark structures. The fracture energy across the bark 
was dependent on the rate of stress application across the grain (Vincent, 1982). Thus, an 
increase in rotor speed in cut milling would result in an increased probability of fracture 
formation and more fines being generated. Variations in the trends according to feed 
weight suggested that the effects mentioned were moderated by the contents in the 
milling chamber. On the other hand, rotor speed had no effect on the percent oversize and 
fines generated by conical screen milling. When rotor speed was increased, the d90 value 
decreased for impact and cut milling (p < 0.001 for both), but did not change for both 
conical screen milling regardless of impeller type (p = 0.181 and p = 1.000). In impact 
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milling, the d10 values were found to increase with increasing rotor speed at fixed feed 
weights (p < 0.001), but remained unchanged in cut and conical screen milling (p > 0.1). 
Hence, it is unlikely that increasing the rotor speed for conical screen milling would 
result in greater particle size reduction, i.e. screen aperture size was the limiting factor to 
achieving low grind sizes. 
 
There was no direct relationship between rotor speed and size reduction, implying 
that the particles underwent different degrees of size reduction during milling and 
eventually approached a limiting size range whereby increasing the rotor speed would not 
cause further size reduction of the smaller particles (Prasher, 1987; Staniforth, 2001a). 
Smaller particles contain smaller and also less number of pores than larger particles and 
thus require more energy to fracture (Prasher, 1987). Larger particles are also heavier, 
lying lower in the milling chamber leaving them more susceptible to comminution. 
Additionally, the elastic property of the bark complicated the fracture mechanics of bark 
material further. The grind limit of cut and impact milling obtained from the d10 values 
was found to be about 126 – 180 µm. Conical screen milling produced coarser particles 
in general with grind limits of about 193 - 213 and about 240 – 290 µm when the 
rectangular-bar impeller and round-bar impeller with teeth were used respectively.  
 
(ii) The effect of feed weight on particle size 
Impact and cut milling produced particles of similar profiles at feed weights of 
100 and 200 g. When feed weight was increased to 400 g, the MMD decreased 
significantly (p < 0.05). Although size reduction was mainly due to impact forces in 
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impact milling, attrition may also play a part under saturated milling conditions (Barbosa-
Canovas et al., 2005). At feed weight of 100 g, the milling chamber was not well filled, 
leaving considerable open space for the material to be accelerated through the screen 
apertures tangentially (Parrott, 1990). An increase in feed weight effectively reduced this 
open area, which resulted in higher d90 values (Fig. 26). Simultaneously, higher feed 
weights also resulted in longer retention of material within the milling chamber, exposing 
particles to attrition. This reduced the median particle size and increased the amount of 
fines. It was also noted that particles produced by cut milling were 16.5 - 30 % smaller 
than those produced by impact milling at various rotor speeds. It was likely that shear, 
impact and attrition forces were at work when the milling chamber was filled during cut 
milling, resulting in greater degree of size reduction compared to impact milling. In 
conical screen milling, rotor speed had no effect on MMD when feed weight of 200 or  
400 g was used. This demonstrated that the mill was more robust to rotor speed changes 









Fig. 26.  Particle discharge through the retention screen apertures based on different feed 
weights. Low feed weights result in loosely packed conditions while high feed weights 
result in densely packed conditions. 
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c. Particle size distribution 
The bulk density, compressibility and flowability of the milled material are highly 
dependent on the particle size and size distribution (Barbosa-Canovas et al., 2005). 
Conical screen milling resulted in more homogeneous particle size distributions with 
smaller span values (Table 26) and less fines (Fig. 27) compared to cut and impact 
milling. The use of the round-bar impeller with teeth resulted in higher quantities of large 
size fractions compared to the use of the rectangular-bar impeller (Fig. 27). The span 
values of the milled material produced by the different milling methods were 
significantly different (p < 0.001) and increased in the following order: conical screen 
milling (round-bar impeller with teeth) < conical screen milling (rectangular-bar 
impeller) < impact milling < cut milling. Cut milling had a larger span value compared to 
impact milling (p < 0.05) and this was also reported in the literature (Staniforth, 2001a; 
Gertenbach, 2002). 
 
(i) The effect of rotor speed on particle size distribution 
Rotor speed had little effect (p > 0.05) on the span value of the milled material, 
implying that it was the milling mechanism itself which ultimately determined the extent 
of size reduction. Furthermore, impact milling and cut milling were significantly affected 
by the change in feed weight of the raw material. It was found that an increase in feed 
weight resulted in decreased MMD but increased d90 of the milled material. The d10 
values were found to decrease in cut and impact milling but remained relatively constant 
in conical screen milling (Table 26). This led to an overall increase in the span value in 
all cases, especially in cut and impact milling. 




























Fig. 27.  Representative probability density plots of milled Magnolia bark processed by 
different milling methods. Feed weight used was 200 g at a rotor speed of 3000 rpm. Key 
: ■ impact milling, ▲cut milling, conical screen milling with  rectangular-bar impeller 
and ○ round-bar impeller with teeth. 
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(ii) The effect of feed weight on particle size distribution 
When feed weight was increased from 200 to 400 g, there was no further change 
in the particle size distribution. Once again, this demonstrated the superiority of conical 
screen milling when the milling chamber was full, rendering it capable of handling large 
capacity of solids commonly encountered in continuous production lines. Of the two 
impellers utilized in conical screen milling, the round-bar impeller with teeth resulted in a 
lower span value due to the larger d10 values produced. However, particle produced by 
this impeller were also much coarser. 
 
d. Particle morphology 
 As the main aim of comminution is to reduce particle size, products obtained are 
normally evaluated in terms of particle size and size distribution. Particle shape is rarely 
evaluated although it may also affect size measurement outcome - particles passing 
through a sieve diameter dA could either be spheres of similar diameter, or needle-like 
particles with similar diameter dA but different lengths (Staniforth, 2001a). The packing 
properties and flowability of the milled material are also dependent on particle shape 
characteristics. In an industrial setting, this would affect filling consistency of the 
extraction vessel and hence reproducibility of the extraction process. Particle 
characteristics can be affected by milling method. The shape of particles produced by 
comminution processes is dependent on the nature of the material being fractured 
(Heywood, 1962; Bond, 1964), as well as the mode of stress employed (Holt, 1981; Kaya 
et al., 2002; Hogg et al., 2004). In addition, particles with irregular shapes are more 
easily fractured by stress application than spherical particles (Hogg et al., 2004).  
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Particles obtained from different size fractions during sieving were observed for 
qualitative differences in shape. Particles above 710 µm showed large variations in 
particle shape and cut surfaces according to the milling method employed. This was in 
agreement with the findings of Parrot (1986) that size reduction of larger particles was a 
better indicator of the milling process. Particles produced by impact and cut milling were 
generally less angular in appearance compared to conical screen milled particles. This 
indicated repeated exposures of the particles to stress application due to longer retention 
time of particles in the mill (Hogg et al., 2004; Pourghahramani and Forssberg, 2005). 
 
Particles obtained by impact milling had uneven cut surfaces that resembled a 
battered appearance (Fig. 28(a)). Dendritic strands protruded from the cut surfaces 
indicating that the impact mechanism was not sufficient to cause complete severance of 
the elastic fibers. In impact milling, the strong random forces across a wide area created 
internal stresses within the material and caused disintegration leading to greater 
generation of fines. Cut milling produced slightly more angular and acicular (needle-like) 
particles compared to impact milling. The sharp-edged blade in the former allowed a 
concentration of shear force impinging on the substrate in a smaller area instead of 
diffused impact forces across a wide area (Fig. 28(b)). Woody materials like Magnolia 
bark are mainly composed of cells aligned in parallel, with cellulose wound around them 
spirally. This column of cells is embedded in a matrix of lignin which is usually aligned 
along the length of the bark (Vincent, 1982). As the bark also comprises randomly 
distributed pores (Aguilera and Stanley, 1999), fracture would occur when the fracture 








Fig. 28. Representative particle shapes produced by different milling methods. (a) Impact milling;(b) cut milling; conical screen 
milling employing (c) rectangular-bar impeller and (d) round-bar impeller with teeth. Sieve fraction used 710 – 1000 µm. 
(a) (b) 
(c) (d) 












Fig. 29. Crack propagation and fracture of Magnolia bark in impact and cut milling. In 
the former, repeated blunt diffuse (random) forces caused cracks to form at flaws 
perpendicular to the grain of the bark. In cut milling, a defined high shear force cause 
fracture along the grain of the bark material.  
 
 
interface between two columns of lignified cell fibers would cause these fibers to slide 
past one another, resulting in the abrasion of both surfaces. Thus, acicular fragments were 
generated when crack propagation occurred parallel to the grain, i.e. along the longest 
axis (Fig. 29). Hence, these acicular fragments were found in cut and conical screen 
milled Magnolia bark but were not abundantly present in impact milled material. In cut 
milling, the outline of the particle surface was better defined with “cleaner” lines as 
repeated shearing action nipped down irregular edges preferentially. Cuboidal particles 
were formed when crack propagation occurred perpendicular to the grain, i.e. along the 
shortest axis (Fig. 29). The presence of equally large amounts of cuboidal particles in cut 
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milled material also suggested that some degree of impact forces were present in the cut 
milling setup. At higher feed weights and rotor speeds, greater proportions of cuboidal 
particles were present, suggesting that stress was applied to randomly oriented axes as the 
material would not have sufficient time and space to align (Holt, 1981). 
 
Conical screen milling in general produced particles which were more uniform in 
shape compared to cut and impact milling methods (Fig. 28(c) and (d)). However, the 
outlines of the particle surfaces were jagged due to shredding by the grater screen. This 
observation, together with the production of coarser particles with conical screen milling, 
confirmed that size reduction in a conical screen mill was primarily a single breakage 
event that took place at the screen surface. Fractured particles were immediately 
channeled out by the grater openings. Coal particles milled by jaw crushers in a single 
breakage event also showed similar outcomes (Hogg et al., 2004).  The use of the round-
bar impeller with teeth resulted in greater amounts of angular particles and high volumes 















Fig. 30. Tufted appeareance of shredded Magnolia bark milled using a conical screen 
mill equipped with a round-bar impeller and grater-bore screen. 
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Size fractions of less than 710 µm in size for all methods were similar in shape 
characteristics, consisting of an even mix of acicular and cuboidal particles. This 
supported the findings that smaller particles possessed greater strength and were more 
dependent on microstructure than larger particles (Parrott, 1986; Aguilera and Stanley, 
1999). Additionally, smaller particles were shielded in the interstices between larger 
particles and were less exposed to size reduction compared to larger particles (Prasher, 
1987). It was thus concluded that smaller particles were formed by repeated attrition of 
larger particles.  
 
e. Packing properties 
Bulk and tapped densities of a powder bed depend on the size, shape and packing 
properties of particles (Schubert, 1987; Abdullah and Geldart, 1999). The packing and 
flow properties of Magnolia bark produced by different milling methods are shown in 
Table 27. Impact and cut milling produced powders with wider size distributions as the 
processes were less controlled. These products resulted in non-uniform size distributions 
and large proportion of fines compared to conical screen milling. The percolation of finer 
particles through the voids between the larger particles produced tighter packing, partially 
contributing to the higher bulk and tapped density values compared to those of conical 





























2000 100 0.194 (0.006) 0.275 (0.013) 1.417 (0.047) 29.33 (2.33) 
2000 200 0.194 (0.030) 0.268 (0.036) 1.391 (0.053) 28.00 (2.65) 
2000 400 0.223 (0.012) 0.295 (0.014) 1.328 (0.012) 24.61 (0.63) 
3000 100 0.217 (0.013) 0.279 (0.012) 1.288 (0.020) 22.33 (1.20) 
3000 200 0.180 (0.006) 0.244 (0.008) 1.362 (0.065) 26.39 (3.42) 
3000 400 0.200 (0.012) 0.269 (0.016) 1.348 (0.014) 25.78 (0.75) 
4000 100 0.167 (0.004) 0.235 (0.008) 1.407 (0.021) 28.89 (1.07) 
4000 200 0.170 (0.006) 0.241 (0.009) 1.417 (0.052) 29.33 (2.65) 













2000 100 0.173 (0.001) 0.257 (0.010) 1.486 (0.064) 32.56 (2.78) 
2000 200 0.225 (0.011) 0.296 (0.003) 1.315 (0.054) 23.78 (3.00) 
2000 400 0.241 (0.001) 0.303 (0.002) 1.257 (0.011) 20.39 (0.67) 
3000 100 0.193 (0.007) 0.262 (0.006) 1.357 (0.026) 26.22 (1.39) 
3000 200 0.211 (0.006) 0.270 (0.007) 1.285 (0.016) 22.11 (0.96) 
3000 400 0.216 (0.006) 0.274 (0.004) 1.269 (0.032) 21.11 (1.93) 
4000 100 0.160 (0.002) 0.222 (0.004) 1.433 (0.021) 30.22 (1.07) 
4000 200 0.201 (0.012) 0.260 (0.011) 1.295 (0.032) 22.72 (1.90) 
4000 400 0.208 (0.009) 0.265 (0.011) 1.273 (0.018) 21.39 (1.11) 
 
* Numbers in parentheses indicate standard deviation (n = 9). 
 
Continued on the following page. 
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2000 100 0.172 (0.013) 0.245 (0.016) 1.424 (0.044) 29.67 (2.19) 
2000 200 0.204 (0.019) 0.255 (0.016) 1.255 (0.037) 20.22 (2.39) 
2000 400 0.195 (0.010) 0.245 (0.012) 1.258 (0.014) 20.50 (0.87) 
3000 100 0.162 (0.006) 0.227 (0.013) 1.387 (0.050) 28.33 (1.53) 
3000 200 0.192 (0.014) 0.245 (0.015) 1.281 (0.020) 21.89 (1.23) 
3000 400 0.200 (0.015) 0.254 (0.013) 1.271 (0.030) 21.28 (1.84) 
4000 100 0.157 (0.004) 0.221 (0.005) 1.407 (0.010) 28.89 (0.51) 
4000 200 0.189 (0.006) 0.237 (0.006) 1.256 (0.006) 20.39 (0.35) 

























































2000 100 0.126 (0.002) 0.192 (0.001) 1.534 (0.024) 34.78 (1.02) 
2000 200 0.195 (0.005) 0.243 (0.006) 1.244 (0.001) 19.56 (0.10) 
2000 400 0.187 (0.010) 0.233 (0.010) 1.243 (0.012) 19.56 (0.79) 
3000 100 0.129 (0.006) 0.188 (0.004) 1.461 (0.042) 31.44 (1.95) 
3000 200 0.191 (0.003) 0.238 (0.004) 1.247 (0.011) 19.78 (0.75) 
3000 400 0.197 (0.004) 0.245 (0.006) 1.248 (0.012) 19.89 (0.75) 
4000 100 0.127 (0.007) 0.176 (0.008) 1.392 (0.010) 28.11 (0.51) 
4000 200 0.202 (0.013) 0.255 (0.010) 1.268 (0.044) 20.94 (2.59) 
4000 400 0.195 (0.002) 0.243 (0.002) 1.245 (0.004) 19.67 (0.29) 
 
* Numbers in parentheses indicate standard deviation (n = 9). 
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Conical screen milling produced coarse particles that were irregular in shape with 
uneven surfaces. Large void spaces between the particles resulted in looser bulk packing 
and a less compressible extraction bed compared to cut-milled material. An extraction 
bed which is not too compressible under high pressures would allow more uniform flow 
of solvent and improved extraction efficiency (Dawidowicz and Wianowska, 2005a). Use 
of the round-bar impeller with teeth resulted in the lowest bulk (p < 0.001, multivariate 
analysis) and tapped densities (p < 0.001, multivariate analysis) among the milling 
methods studied as the acicular particles resulted in large interparticle spaces. 
 
Feed weight and rotor speed affected the packing properties of cut and impact 
milled materials to a greater extent compared to conical screen milling. In contrast, the 
bulk and tapped densities of milled materials produced by conical screen milling were not 
affected by feed weight and impeller speed (p = 1.000). Higher rotor speeds significantly 
reduced the bulk and tapped densities of impact and cut milling (p = 0.005 and p < 0.001 
respectively). The forces in both cut and impact milling impinged on the material in a 
predominantly random manner due to the random alignment of the material, as was 
reported in size reduction of glass spheres (Hogg et al., 2004). This resulted in a more 
uneven, rougher surface of the milled particles, as was described in the section on particle 
morphology. The milled material exhibited a looser packing, which aptly accounted for 
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f. Flow properties 
The Hausner ratio (HR), Carr’s compressibility index (CI) and angle of repose 
were used to characterize the flow properties of the milled materials. The HR value gives 
an indication of flowability in relation to interparticle friction in a moving mass of 
powder subjected to an application of force while CI reflects the bridging potential of the 
powder (Heng et al., 2004).  The angle of repose represents flowability in relation to 
interparticle cohesion in a powder heap and is primarily a function of surface roughness 
(Abdullah and Geldart, 1999; Staniforth, 2001a; Barbosa-Canovas et al., 2005). These 
parameters give important indications on the ease of product handling, conveyancing and 
packing in the extraction vessel. The CI value provides a useful indication of the potential 
compression of the packed powder bed, especially under high pressure experienced in 
SFE and PLE.  
 
Angle of repose measurements were rather difficult for fibrous botanical material 
due to wide variations in particle sizes and shapes. Asymmetrical conical heaps were 
formed, especially for material produced by impact milling (Fig. 31(a)). This could be 
attributed to the dendritic strands found in the sample. Conical screen milled material 
largely comprised acicular particles, which formed a more symmetrical conical heap as 
shown in Fig. 31(b).  
 
Thus, HR and CI values were used to describe flowability of the milled materials. 
The HR values for all milled materials generally ranged from 1.2 to 1.4, which indicated 
that the material had poor flow. It was observed that impact milling produced material  


























Fig. 31. Conical heaps of milled Magnolia bark produced by (a) impact milling and (b) 
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with the poorest flow among the milling methods examined (Table 27, p < 0.001, 
multivariate analysis). Particles produced by impact milling were less free-flowing due to 
the presence of fibrous strands. These strands interlocked to form arches and bridges, 
hence resulting in poor flow. Similar findings were reported in another study (Paulrud et 
al., 2002), in which impact-milled wood fuel powder demonstrated a greater tendency to 
bridge compared to that produced by cut milling. In addition, the large amount of fines 
present also resulted in increased resistance to flow due to increase in electrostatic 
charges between small particles (Staniforth, 2001a). Cut milling and conical screen 
milling employing both impeller types produced bulk materials with similar flowability 
as depicted by their HR and CI values (Table 27, p = 1.000 for both, multivariate 
analysis). 
 
4. The effect of screen aperture size on conical screen milling of Magnolia bark 
As screen aperture size was postulated to be the limiting factor for particle size 
reduction in the conical screen mill, single- and double-pass milling using a variety of 
screen aperture sizes and combinations were performed.  The objective was to elucidate 
the fracture mechanics within the conical screen mill as well as to obtain a variety of 
tightly controlled particle size distributions of milled Magnolia bark for extraction 
purposes. 
 
a. The effect of screen aperture size on milling efficiency 
  The different conical screens had similar thickness but the percent open area of 
the screens increased with increasing diameter of the screen apertures (Table 9). An 
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increased percent open area resulted in increased milling efficiency and a reduction in 
amount of material retained in the screen (Fig. 32). With screen apertures of 4750 µm and 
above, the increase in percent of material milled was consistent (p = 1.000, one-way 
ANOVA). Amounts of material retained and lost as dust were similar across all screen 
aperture sizes (p = 1.000, one-way ANOVA). This observation was also reported by other 
workers (Walker, 1994). Surprisingly, milling throughput decreased slightly when the 
500G (12700 µm) screen was employed (Fig. 32). There was also an increase in dust 
production and amount of material retained on the screen. It was postulated that there was 
greater retention in the milling chamber as the protruding shearing edge of the graters 
were further apart compared to screens with smaller apertures. Hence, alignment of bark 
material within the mill was crucial for efficient comminution when screens with larger 
apertures were used. 
 
Double-pass milling was performed to produce particle size distributions of 
different MMDs. When double-pass milling was performed, percent of material milled 
was slightly lower (p <0.05, one-way ANOVA) compared to single-pass milling (Fig. 
33). Retained material was significantly higher (p < 0.001) when the 187G (4750 µm) 
screen was employed for the second pass. These findings will be discussed in the later 
sections. Dust generation was similar for all screens and screen combinations in both 
single and double pass milling (p > 0.05), attesting to the excellent dust control of the 
process. Hence, implementing a second-pass in the milling process did not negatively 
affect the milling efficiency of the conical screen mill. 
 





Fig. 32. The effect of grater-bore screen aperture size on conical screen milling efficiency 
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Fig. 33. The effect of grater-bore screen aperture size and double-pass milling on conical 
screen milling efficiency of Magnolia bark. 
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b. The effect of screen aperture size on particle size of milled Magnolia bark 
 
 For single-pass milling, it was noted that the d10, MMD and d90 values were 
positively correlated with increasing screen aperture size (Fig. 34). This was expected 
and was attributed to the increase in percent open area of the screen. The larger the open 
area of the screen, the higher the likelihood of material passing through the screen 
apertures (Walker, 1994). While d10 and MMD increased linearly (Fig. 34(a) and (b)), d90 
increased logarithmically (Fig. 34(c)) and span value decreased logarithmically (Fig. 
34(d)) with screen aperture size. Furthermore, the percentages of fines and oversize 
particles were inversely and positively correlated respectively, while the particles 
remaining in the 250 – 2000 µm range decreased linearly (Fig. 35). These observations 
indicated that particles of different size fractions underwent different rates and pathways 
of fracture during milling, with larger particles taking longer time to be milled down to 
similar final sizes. Hence, different size reduction forces would be expected for different 
size fractions.  
 
These findings instigated further investigations by examining the particle size 
changes (Table 28) of milled particles obtained from the double-pass milling 
experiments. There were no significant differences in d10 and MMD size fractions (p > 
0.05) when 187G screens were used as single- and second-pass screens in the size 
reduction process (Table 28). This demonstrated that the 187G screen used in single-pass 
milling was adequate in size reduction of Magnolia bark. The grind limit of the 187G 
screen was confirmed to lie in the 190 – 230 µm range, as in previous experiments. 
Larger d10 and MMD values were generated as a result of double-pass milling using 
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Fig. 34. The effect of conical screen aperture size on (a) d10, (b) MMD, (c) d90, and (d) 
span of milled Magnolia bark at 3000 rpm. Error bars indicate standard deviation (n = 3). 
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y = 3E-07x2 - 0.01x + 37.5
R = 0.983
y = -4E-07x2 + 0.01x - 24.8
R = 1
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Fig. 35. The effect of screen aperture size on ● fines, ■ oversize, and ▲ particles within 
targeted size range generated by conical screen milling of Magnolia bark at 3000 rpm. 
Error bars indicate standard deviation (n = 3). 
 
the 094G and 125G screens for the second pass (p < 0.001). The larger the material after 
the first pass, the higher the d10 and MMD values obtained. Additionally, conical screen 
milling using a double-pass approach also resulted in more particles produced in the 
target size range of 250 – 2000 µm. Both the percentages of fines and oversize particles 
produced were found to be significantly lower (p < 0.05) when double-pass milling was 
employed compared to single-pass milling, regardless of the screen combinations used 
(Table 28). Oversize particles from the first-pass would be further reduced and 
discharged immediately in the second pass and less fines will be produced as the 
exposure time to milling would also be shorter.   
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Table 28. The effect of grater-bore screen aperture size on particle size and size distribution of conical screen milled Magnolia bark in 
first- and second-pass milling. 
 




(% w/w) Span 
Single pass milling 
094G 90.00 (0) 600.00 (0) 1600.00 (52.92) 26.61 (1.01) 70.57 (0.57) 2.82 (0.53) 2.52 (0.09) 
125G 150.00 (0) 986.67 (37.71) 2086. 67 (66.00) 18.96 (0.62) 69.29 (1.51) 11.75 (1.76) 1.96 (0.05) 
187G 200.0 (17.3) 1213.3 (98.1) 2800.0 (72.1) 13.33 (1.89) 59.33 (1.04) 27.33 (2.89) 2.15 (0.16) 
250G 253.33 (5.77) 1706.67 (55.08) 3246.67 (41.63) 9.73 (0.49) 51.12 (1.82) 39.15 (2.20) 1.75 (0.04) 
375G 426.67 (23.09) 2473.33 (64.29) 3726.67 (30.55) 6.22 (0.31) 33.70 (1.11) 60.08 (1.42) 1.33 (0.03) 
500G 650.00 (81.96) 2956.67 (40.40) 3790.00 (0) 4.27 (0.15) 23.89 (1.18) 71.84 (1.32) 1.10 (0) 
Double pass milling 
250G / 094G 120.00 (0) 683.33 (37.86) 1553.33 (35.12) 23.44 (1.20) 74.55 (0/94) 2.01 (0.25) 2.10 (0.08) 
250G / 125G 156.67 (5.77) 1003.33 (37.86) 1936.67 (11.55) 16.48 (1.24) 75.12 (1.01) 8.39 (0.35) 1.78 (0.07) 
250G / 187G 203.33 (11.55) 1266.67 (30.55) 2530.00 (0) 12.31 (0.67) 69.63 (0.83) 18.06 (0.33) 1.84 (0.05) 
375G / 094G 96.67 (5.77) 706.67 (25.17) 1613.33 (11.55) 23.42 (1.36) 74.36 (1.69) 2.22 (0.33) 2.15 (0.10) 
375G / 125G 180.00 (0) 1180.00 (17.32) 2070.00 (20.00) 14.00 (0.26) 74.27 (0.88) 11.73 (0.62) 1.60 (0.01) 
375G / 187G 213.33 (11.55) 1433.33 (30.55) 2600.00 (87.18) 11.29 (1.09) 63.63 (1.49) 25.08 (1.44) 1.67 (0.05) 
500G / 094G 90.00 (0) 720.00 (17.32) 1660.00 (0) 23.59 (0.89) 73.25 (0.88) 3.16 (0.18) 2.18 (0.05) 
500G / 125G 170.00 (0) 1186.67 (23.09) 2110.00 (20.00) 14.68 (0.19) 72.45 (0.29) 12.87 (0.45) 1.64 (0.02) 
500G / 187G 213.33 (23.09) 1440.00 (40.00) 2616.67 (51.32) 11.62 (1.05) 62.58 (0.53) 25.80 (1.36) 1.67 (0.03) 
 
* Number in parentheses indicate standard deviation (n = 3) 
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When the 250G screen was employed in the first-pass and the 094G screen in the 
second-pass, the work indices for the d10, MMD and d90 values were more or less 
consistent (Table 29). This implied that the size reduction effect was similar for all 
particles in the second-pass milling. The same trend was observed when the 250G screen 
was employed in the first-pass with either 125G or 187G screen in the second-pass. On 
the contrary, when the 375G or 500G screen was employed for first-pass milling, the 
greatest work index was observed for the d10, followed by the MMD and d90 values 
(Table 29). The d90 value was found to be consistent regardless of whether the 375G or 
500G screen was employed in the first-pass (Table 28, p > 0.05), suggesting that a 
different mechanism of size reduction in larger particle size fractions. The larger particles 
were reduced in size by shear-compression, with shear forces exerted by both the 
impeller edge and grater aperture edges of the screen, along with compression by the 
impeller (Fig. 36). Particle fracture occured when the impeller edge (fracture front) 
coincided with flaws (pore) in larger particles. This concurred with the elongated and 
angular appearance of the larger particles produced by the conical screen mill. A general 
trend of decreasing work indices was also observed when the aperture size of the second-
pass screen was increased. This is expected as the particles produced from the second-
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Table 29. Work indices of milled material after double pass milling. 
 
Screen used 







d10  MMD  d90  
250G 
094G 2.66 2.11 (0.05) 2.50 (0.14) 2.09 (0.07) 
125G 2.00 1.62 (0.10) 1.70 (0.12) 1.68 (0.03) 
187G 1.33 1.25 (0.06) 1.35 (0.01) 1.28 (0.02) 
375G 
094G 3.99 4.41 (0.45) 3.50 (0.21) 2.31 (0.01) 
125G 3.00 2.37 (0.13) 2.10 (0.07) 1.80 (0.03) 
187G 2.00 2.00 (0.19) 1.73 (0.07) 1.43 (0.06) 
500G 
094G 5.32 9.29 (0.74) 4.11 (0.11) 2.28 (0) 
125G 4.00 3.82 (0.31) 2.49 (0.06) 1.80 (0.02) 
187G 2.67 3.05 (0.48) 2.05 (0.05) 1.45 (0.03) 
 














Fig. 36. Shear-compression forces acting on smaller particle size fractions in the conical 
screen mill employing the rectangular-bar impeller and the grater-bore screen. 
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c. The effect of screen aperture size on particle size distribution of milled material 
Particle size distributions for single- and double-pass milling followed the log-log 
distribution for all screens and screen combinations used (Figs. 37 and 38). The results 
demonstrated that size reduction always occurred in a controlled and uniform manner for 
conical screen milling, regardless of screen type or number of passes. Similar findings 
were reported in dry milling of pharmaceutical granules (Schenck and Plank, 2008). 
Single-pass milling employing screen aperture sizes of 6350 µm and above produced 
particle size distributions which were negatively-skewed but had smaller span values due 
to the greater [d90 - d10] and greater MMD values of the generated particles (Fig. 37(a), 
Table 28). It was also observed that the particle size distribution of Magnolia bark 
subjected to double-pass milling coincided with the screen used in single-step milling 
(Fig. 38). The exception was that milled material produced by double-pass milling 
possessed tighter particle size distribution and lower span values (Table 28). This was 
attributed to reduction in percentage of fines and oversize material. 
 
d. The effect of screen aperture size on packing and flow properties of milled Magnolia 
bark 
There was a significant reduction in bulk and tapped densities, along with poorer 
flow properties when larger screen aperture sizes were used (Table 30, p < 0.05). This 
was due to a greater percentage of oversize particles generated by larger screen aperture 
sizes. The interlocking of elongated particles resulted in larger void spaces, and hence 
lower density values as well as poorer flow. When double-pass milling was employed, 
packing and flow properties of the material obtained was generally consistent as that 
produced from single-pass milling (p > 0.05). However, the use of the 500G screen 






























Fig. 37. (a) Probability density, and (b) cumulative frequency plot of material produced 
by conical screen milling employing grater-bore screen at different aperture sizes. Screen 
aperture sizes are denoted by symbols ● = 2388,▲= 3175, ■ = 4750,  x = 6350, ○ = 
9525, ∆ = 12700 µm respectively.  





Fig. 38. (a) Probability density and (b) log-log distribution of conical screen milled 
Magnolia bark after double pass milling experiments (n = 3). 250G/094G indicates 
double pass milling whereby the first set of alphanumerics, e.g. 250G indicates the screen 
used for the initial pass, and the second set e.g. 094G indicates the screen used for the 
second pass of milling. 
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Table 30. Packing and flow properties of milled Magnolia bark produced by single pass 
and double pass conical screen milling using different grater screens. 
 
 
Screen used DB (g/cc) DT (g/cc) HR CI 
Single pass milling 
094G 0.190 (0.006) 0.258 (0.009) 1.385 (0.020) 27.78 (1.02) 
125G 0.174 (0.017) 0.242 (0.019) 1.391 (0.035) 28.00 (1.76) 
187G 0.192 (0.014) 0.245 (0.015) 1.281 (0.020) 21.89 (1.23) 
250G 0.174 (0.021) 0.239 (0.024) 1.380 (0.038) 27.44 (2.01) 
375G 0.172 (0.002) 0.239 (0.014) 1.386 (0.062) 28.00 (3.28) 
500G 0.158 (0.026) 0.217 (0.014) 1.447 (0.036) 30.78 (1.68) 
Double pass milling 
250G / 094G 0.197 (0.005) 0.259 (0.008) 1.318 (0.007) 31.82 (0.68) 
250G / 125G 0.152 (0.011) 0.195 (0.015) 1.279 (0.022) 27.88 (2.20) 
250G / 187G 0.147 (0.008) 0.188 (0.013) 1.284 (0.027) 28.44 (2.75) 
375G / 094G 0.204 (0.014) 0.265 (0.019) 1.301 (0.007) 30.10 (0.67) 
375G / 125G 0.170 (0.006) 0.220 (0.006) 1.295 (0.025) 29.54 (2.53) 
375G / 187G 0.130 (0.007) 0.167 (0.009) 1.281 (0.017) 28.08 (1.69) 
500G / 094G 0.179 (0.012) 0.257 (0.018) 1.439 (0.005) 43.86 (0.48) 
500G / 125G 0.150 (0.013) 0.201 (0.015) 1.343 (0.028) 34.27 (2.83) 
500G / 187G 0.169 (0.001) 0.224 (0.003) 1.326 (0.022) 32.62 (2.24) 
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during the first pass resulted in significantly lower bulk and tapped densities as well as 
poorer flow properties of the material compared to when the screen was used in single 
pass milling (p < 0.05). This was attributed to an increased amount of splinters and 
elongated particles in double-pass milling.  
 
C. The effects of different milling methods on extraction yields of 
Magnolia bark 
 Milled Magnolia bark of median particle size of around 1000 µm was employed 
to compare the effect of milling methods on the extraction yields. The information of the 
milled material used is presented in Table 31. There was no significant difference 
between the ES yields obtained from the three different milling methods (p = 0.059, one-
way ANOVA) although yields for cut milled samples appeared slightly lower than impact 
and conical screen milled samples (Fig. 39). The magnolol yields were much higher in 
extracts obtained from impact and conical screen milled samples compared to cut milled 
samples (p = 0.043 and 0.004 respectively). Overall, conical screen milled samples 
produced extracts with higher honokiol yields compared to impact and cut milled samples 
(p = 0.042 and 0.003 respectively). The ES yields of extracts from samples processed by 
conical screen milling had greater reproducibility (RSD 14 %), almost double that of cut 
and impact milled samples (RSDs 22.5 % and 23.7 % respectively). 
 
 Several conclusions can be drawn from these findings: (a) conical screen milling 
utilizing the rectangular-bar impeller coupled with the grater-bore screen possessed 
greater similarity to impact milling than cut milling, i.e. the impact mechanism  
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Table 31. Median particle size and size distribution of milled Magnolia bark used to 
investigate the effect of milling methods on extraction yields. 
 
Milling method MMD (µm) Span 
Impact milling 1006.7 (55.1) 2.24 (0.05) 
Cut milling 1003.3 (138.0) 2.64 (0.22) 
Conical screen milling 1003.3 (37.9) 1.78 (0.07) 
 


























Fig. 39. The effect of different mill type on ES, honokiol and magnolol yields of milled 
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contributed to a large extent of the size reduction process. (b) The impact mechanism was 
essential to enable appreciable internal fractures for cellular contents and active 
compounds to be extracted from the milled Magnolia bark. The random blunt force 
applied across the axis of the bark resulted in greater rupture of cells resulting in greater 
extractability of magnolol, honokiol and other extraneous components. In cut milling, this 
force was present in focused areas and thus was not extensively distributed to cause 
breakdown of the tough cellulosic cell walls. The intact cell walls acted as a diffusion 
barrier towards leaching of components during the extraction process. (c) Conical screen 
milling was gentler than impact milling of Magnolia bark. While magnolol yields 
obtained were comparable for both methods, conical screen milled samples produced 
extracts with 49 % improvement in honokiol yields over those obtained for impact 
milling. Honokiol is more thermolabile compared to magnolol as it has a lower melting 
point (87.5 °C vs 102 °C for magnolol). (d) Conical screen milling was more precise with 
good control as a size reduction process and capable of producing products with narrow 
size distributions. This was subsequently reflected in the lower RSDs in size distributions 
obtained compared to cut and impact milling methods studied to produce similar median 
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D. Summary for Part II 
 Impact milling mechanism was less suited for milling coarse fibrous material such 
as Magnolia bark. Conical screen milling resulted in higher throughputs of material, as 
well as significantly reduced dust and fines generation compared to cut or impact milling 
techniques. More precise particle size reductions were possible with the conical screen 
mill as it resulted in narrower particle size distributions compared to cut or impact milling 
methods. For conical screen milling, the effect of screen configuration was more 
important than the type of impeller used and the grater-bore screen was best suited for 
milling down Magnolia as it provided the shear effect necessary for fracturing of the 
botanical material. The rectangular-bar impeller was able to produce smaller particles 
with better packing properties compared to the round-bar impeller.  Conical screen 
milling was efficient at the rotor speeds studied and performed better than either impact 
or cut milling, under choke feeding conditions (high feed weight). Implementation of a 
second pass milling resulted in less fines and narrower particle size distributions.  The 
extraction of particles produced by conical screen milling was more reproducible and 
resulted in higher yields of honokiol. Clearly, conical screen milling proved to be 
advantageous and could be applied on commercial scale for particle size reduction of 
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PART III: EXTRACTION OF MAGNOLIA BARK USING 
DIFFERENT EXTRACTION PROCESSES 
 
A. Comparative study of Magnolia bark extraction using different 
extraction processes 
 Optimization of the SFE and PLE processes was carried out using samples of 
Magnolia bark instead of inert matrix spiked with bioactive compounds. Spiked matrices 
usually lead to overestimation of recoveries as factors which may be influential in actual 
samples may not be present in spiked matrices (van der Velde et al., 1994; Bayona, 
1998). For this reason, the actual botanical matrix was employed in the optimization 
studies. Using the L9(3)4 Taguchi design matrix, four variables at three levels each were 
investigated for the SFE and PLE processes. Soxhlet extraction, which enabled 
exhaustive recovery of honokiol and magnolol was employed for comparison. N-hexane 
was used as the extraction solvent as it was reported to result in the highest proportion of 
honokiol and magnolol in the dried extract (Tsai and Chen, 1992; Chandra and Nair, 
1994). As Sc-CO2 was reported to possess the solvent characteristics of n-hexane (Taylor, 
1996), the use of n-hexane in PLE and SXE would also allow a common baseline for 
comparing the mechanistic differences with neat SFE (no modifier added). The purpose 
was to avoid the use of a liquid co-solvent where necessary to prevent or minimize the 
solvent elimination step from the extracts. Conical screen milling was used to prepare 
Magnolia bark for the extraction studies. 
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1. Physical characterization of extracts obtained by SXE, SFE and PLE 
The quality of the SXE, PLE and SFE extracts of Magnolia bark was generally 
found to differ markedly (Table 32). SXE extracts were pale yellow with only slight 
fragrance while SFE extracts were generally yellow with strong fragrance. Superior 
organoleptic quality of SFE extracts was also reported in other studies (Díaz-Maroto et 
al., 2002; Damjanovic et al., 2005; Gomes et al., 2007). In contrast, PLE extracts were 
generally brown and more turbid, indicating co-extraction of more substances. Both PLE 
and SXE extracts contained significant amounts of sediments and had to be filtered prior 
to HPLC analysis. On the other hand, SFE extracts could be analyzed directly.  
 
2. Determination of antioxidant activity of Magnolia bark extracts  
In the preliminary screening of extracts for antioxidant activity, DPPH reaction 
time was fixed at 15 min to allow rapid screening of antioxidant activity. However, it was 
possible that the different antioxidants present in the extracts act at different rates and the 
above duration might not be adequate for complete reaction. Hence, the DPPH radical 
scavenging activity of various concentrations of Magnolia bark extracts was measured at 
different time intervals (Fig. 40). It was found that the extracts of various concentrations 
reached a stable end point at 30 min, thus this time point was used to determine the EC50 
of the different extracts (Fig. 41). Comparing the EC50 of the extract against the EC50 of 
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Table 32. Physical characteristics of extracts obtained by SFE, PLE and SXE. 
 
SFE 
Experiment Physical appearance Odor 
1 Yellow, fluid  Faint, sour 
2 Light yellow, fluid  Faint, sour 
3 Dark yellow, sticky  Very intense, aromatic 
4 Golden yellow, sticky  Intense, aromatic 
5 Yellow ochre, thick consistency Very intense, aromatic 
6 Golden brown, thick consistency  Intense, sweet 
7 Golden yellow, thick consistency  Moderate, aromatic 
8 Yellow, sticky  Intense, aromatic 
9 Yellow ochre, sticky Very intense, aromatic 
PLE 
Experiment Physical appearance Odor 
1 Golden brown waxy extract Very faint, aromatic 
2 Reddish brown sticky extract Faint, aromatic 
3 Reddish brown sticky extract Odor of charring 
4 Golden brown waxy extract Faint, aromatic 
5 Brown sticky extract Faint, aromatic 
6 Dark brown sticky extract Faint, aromatic 
7 Dark brown sticky extract Moderate, aromatic 
8 Dark brown sticky extract Intense, aromatic 
9 Reddish brown sticky extract Moderate, aromatic 
SXE Physical appearance Odor 
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Fig. 40. DPPH radical scavenging activity at various time points for different 
concentrations of supercritical fluid extract of Magnolia bark.  
 
 
Fig. 41. Determining the EC50 of DPPH radical scavenging activity. 
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3. Supercritical fluid extraction 
 
a. Implementation of a flushing step in SFE 
The ES yields obtained from the Taguchi design matrix for SFE of Magnolia bark 
are shown in Fig. 42. As preliminary studies in our laboratory demonstrated that the 
reproducibility of SFE was poor, the extraction process was further evaluated with a 
flushing step implemented in the process. The flushing step involved addition of 
methanol into the extraction chamber, after the material in the extraction chamber had 
been discharged, to flush the lines at supercritical fluid conditions until no further ES 
eluted from the outlet tubing. Statistical analysis revealed that flushing produced 
significantly greater ES yields with lower RSD values in comparison to the method 
without flushing (p < 0.001, paired t-test). This was due to plugging of the restrictor and 
precipitation of solids in the lines during depressurization as the lines of the SFE 
equipment were not heated. It was thus crucial to implement a solvent flush step at the 
end of each extraction process to ensure accurate quantitative recovery of the extract. 
 
b. The effect of process variables on SFE 
Supercritical fluids of higher densities were reported to possess greater solvating 
power and thus allowed higher extraction of bioactives (Mendiola et al., 2007b; Nik 
Norulaini et al., 2009). Hence, the conditions that corresponded to higher densities of 
supercritical CO2 were employed in this study. The results of the L9(3)4 Taguchi design 
matrix for SFE are shown in Table 33. As indicated by the R and PC values, the main 
variables of the extraction process were found to affect the process outcomes differently 
(Table 34).  





























Fig. 42. ES yields obtained by SFE of Magnolia bark without flushing and after flushing 
with methanol. Error bars indicate standard deviation (n ≥ 3). * indicates significant 
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* Numbers in parentheses indicate standard deviation (n = 3). 
  
177



















1. ES yield (% w/w) 
k1,1 1.279 1.475 1.586 1.675  
k1,2 1.666 1.320 1.682 1.444  
k1,3 1.717 1.866 1.394 1.543  
R1 0.438 0.547 0.289 0.231  
PC1 (%) 24.16† 34.30† 7.66† 3.88 30.00 
2. Honokiol yield (% w/w) 
k2,1 0.020 0.025 0.030 0.033  
k2,2 0.027 0.019 0.031 0.023  
k2,3 0.037 0.040 0.023 0.027  
R2 0.017 0.021 0.008 0.011  
PC2 (%) 14.07† 23.49† 0.66 2.32 59.46 
3. Magnolol yield (% w/w) 
k3,1 0.510 0.494 0.534 0.562  
k3,2 0.488 0.401 0.507 0.447  
k3,3 0.554 0.657 0.511 0.543  
R3 0.067 0.256 0.027 0.115  
PC3 (%) * 37.79† * 5.20 57.01 
4. MH ratio 
k4,1 28.435 20.997 18.842 20.377  
k4,2 19.222 24.906 22.452 23.830  
k4,3 16.728 18.482 23.091 20.178  
R4 11.707 6.424 4.249 3.652  
PC4 (%) 53.08† 13.31† 5.76† 4.27 23.58 
5. Antioxidant activity  
(QE x 10-2) 
k5,1 0.58 0.83 1.02 1.01  
k5,2 0.97 0.95 0.80 0.90  
k5,3 1.19 0.96 0.93 0.83  
R5 0.61 0.13 0.22 0.18  
PC5 (%) 37.95† * * * 62.05 
* Pooled into error † indicates that the effect of the parameter was significant at p<0.05 (ANOVA) 
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For illustration, the mean value of ES yields by SFE for pressure at level 1, k1,1, was 
calculated as the average of ES yields from SFE experiments 1, 2 and 3 i.e. (1.353 + 
1.063 + 1.421) / 3 = 1.279. The corresponding R1 value was then determined by the 
difference between the maximum and minimum kx,y values (Table 34), i.e. k1,3 – k1,1 = 
1.717-1.279, = 0.438. Analysis of variance (ANOVA) was used to determine the 
significant process variable and the optimal level for each variable. Both temperature and 
pressure were generally dominant variables affecting the ES, honokiol and magnolol 
yields, with insignificant contribution by dynamic extraction time. Temperature exerted a 
greater influence than pressure, as indicated by higher PC values for temperature.  
 
The effects of the different variables on the extraction outcomes were further 
analyzed using the kx,y and R values (Table 34). In SFE, the density of the supercritical 
fluid is decreased while the volatility of solute is increased by raising the temperature. As 
the solvating power of the supercritical CO2 is directly related to its density, a decrease in 
its density is expected to decrease its extraction capability (Taylor, 1996). In contrast, 
increase in solute volatility is expected to enhance extraction and increase the ES yield. 
Regardless of the pressure, when temperature was increased from 50 to 65 °C, the effect 
of lower fluid density predominated over the effect of higher solute volatility as indicated 
by the lower ES yield.However, further increase in temperature to 80 °C led to a more 
predominant vapor pressure effect, thus improving the solubility of more compounds 
from Magnolia bark and thus higher ES yield. Clearly, the influence of temperature on 
the ES yield was governed by the balance between the effects of fluid density and solute 
volatility. Very high temperature should however be avoided as it increases co-extraction 
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of undesirable compounds and it is also more likely to cause decomposition of 
compounds. 
 
Pressure affected all the extraction outcomes except magnolol yield. It was found 
to be the main factor (PC > 50%) affecting the selectivity of magnolol over honokiol. 
Since magnolol and honokiol are isomers and possess similar molecular weights, the 
difference in selectivity could be due to other factors such as melting point, matrix-
analyte interaction and their relative polarities. Honokiol possesses a lower melting point 
than magnolol (87.5 vs 102 °C) and was expected to be extracted with greater ease as it 
would have higher volatility in the supercritical CO2 (Fasihi et al., 2004). However, this 
was not observed in the present study. On the contrary, the honokiol yield was much 
lower than the corresponding magnolol yield. Magnolol (log Poctanol/water 4.43) is also 
slightly more lipophilic than honokiol (log Poctanol/water 4.15). This aptly explains the 
greater affinity of magnolol for the relatively non-polar supercritical CO2. The above 
findings collectively showed that extraction by supercritical CO2 was highly selective and 
it was partially governed by the solubility of the compound in the supercritical fluid. 
Despite its influence on solvating power, higher pressure was found to have insignificant 
effect on magnolol yield. The relatively small percent difference (12 %) between the 
maximum (0.554 % w/w) and minimum (0.488 % w/w) yields of magnolol demonstrated 
that the solubility of magnolol had almost reached its limit in the supercritical CO2. 
Similar findings were reported in the extraction of these compounds from Magnolia 
virginiana flowers at conditions of 405 bar and 40 °C, however, no proper explanation 
was given as to why this occurred (Chandra and Nair, 1994). Hence, further increase in 
solvating power by adjusting the pressure did not offer any significant advantage in the 
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extraction of magnolol. This is also supported by the fact that yield of both compounds 
increased with temperature but did not correlate with the melting points of the 
compounds, i.e. temperature acted in part to promote desorption of these compounds 
from the matrices of Magnolia bark. A similar trend was observed in the extraction of 
lycopene from tomatoes (Cadoni et al., 1999; Rozzi et al., 2002; Sabio et al., 2003; 
Vasapollo et al., 2004; Yi et al., 2009) and oxygenated monoterpenes from Italian 
coriander seeds (Grosso et al., 2008). These findings were attributed to the prevalence of 
matrix-analyte interactions between the compound of interest and the botanical matrix. 
Hence, higher temperatures were required to overcome these interactions. Likewise, the 
dependence of honokiol and magnolol recovery on temperature (PC 23.5 and 37.8 % 
respectively) cannot be sufficiently explained by the vapour pressure effects alone. 
Additionally, increasing the dynamic extraction time exerted insignificant influence on 
the yields of honokiol and magnolol, implying that the limiting factor for honokiol and 
magnolol extraction from Magnolia bark was strongly dependent on matrix-analyte 
interactions and to a lesser degree, solubility of these compounds in the supercritical 
fluid. 
 
Pressure was also the only significant factor influencing the antioxidant activity of 
the Magnolia bark extracts (Table 34). As pressure was found to affect the yields of 
honokiol and ES, but not magnolol, the increased antioxidant activity was due to 
honokiol and other compounds excluding magnolol. Honokiol was found to possess an 
antioxidant activity 2.7 times higher than that of magnolol (p = 0.004, Table 35). Extracts 
obtained using SFE possessed similar antioxidant activities to the 1:1 combination of  
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Table 35. The antioxidant activities of honokiol, magnolol and their combination with 
respect to quercetin. 
 
Antioxidant compound EC50 (µg/µl) 
Standardized EC50 




(QE x 10-2) 
 
Honokiol 0.041 (0.003) 2.098 (0.155) 1.13 (0.09) 
Magnolol 0.108 (0.008) 5.482 (0.397) 0.43 (0.03) 
Magnolol : honokiol (1:1) 0.038 (0.006) 1.946  (0.293) 1.23  (0.17) 
Quercetin 0.0005 (0) 0.024 (0.001) 1 
 
* Numbers in parentheses indicate standard deviation (n =3). 
 
magnolol and honokiol (p>0.05) despite having much higher MH ratios. This suggested 
that honokiol and magnolol interacted synergistically with other compounds present in 
the extract. The markedly higher percent difference for antioxidant activity (104 %) 
compared to honokiol yield (85 %) and ES yield (34 %) seemed to support this 
suggestion. Therefore, it is likely that bioactive compounds isolated from botanicals may 
no longer exhibit antioxidant properties which are as potent as when the crude extract 
itself is used (Katalinic et al., 2006). More importantly, it was noted that the yield of 
magnolol was affected by temperature only while the yield of honokiol was affected by 
both temperature and pressure, implying that the solubility of the latter in neat Sc-CO2 
was partially responsible for its low yields. 
 
The influence of particle size was relatively small, accounting for about 8 % of 
the effect on the ES yield and no significant effect on honokiol and magnolol yields.  
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This could be attributed to the greater diffusivity and penetrability of supercritical CO2 
into the botanical matrix compared to liquid solvents. Similar findings whereby influence 
of particle size and bed packing were inconsequential in SFE were also reported with 
other matrix types (Simandi et al., 2000; Bocevska and Sovová, 2007; Glisic et al., 2007; 
Zizovic et al., 2007; Araus et al., 2009). Overall, the findings indicated that extraction of 
honokiol and magnolol by Sc-CO2 was rapid and partially influenced by the solubility of 
these compounds in the supercritical fluid rather than diffusion of the compound through 
the botanical matrix. This has economic significance as botanical materials need not be 
custom-milled nor finely divided, thus reducing production time and cost. In fact, smaller 
particles would affect the uniformity of flow of the extract from the extraction vessel as 
was observed with SFE experiment 6. Interestingly, particle size was a significant factor 
(ANOVA, p < 0.05) in the selectivity for magnolol over honokiol. The MH ratio was 
found to increase with particle size (Table 34). Honokiol was postulated to be retained 
more tightly in the botanical matrix compared to magnolol and was extracted with greater 
difficulty. For the same feed weight, smaller particles presented higher total surface area 
per volume for extraction. Hence, an increase in particle size would be expected to result 
in poorer extraction of honokiol resulting in greater selectivity of magnolol over 
honokiol. The location and binding of compounds to the botanical matrix has been 
reported to affect SFE in another study (Filho et al., 2008). 
 
 In the extraction of Magnolia bark, it is desirable to obtain high yields of 
magnolol and honokiol while minimizing co-extraction of other constituents, as well as to 
obtain high biological activity of the extract. From the Taguchi design, the optimum 
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extraction conditions to achieve this were derived from the highest kx,y value for each 
outcome index, IDx. For SFE, the optimum extraction conditions were pressure 400 bar, 
temperature 80 °C and dynamic time 40 min. As particle size was not a significant factor 
influencing magnolol and honokiol yield and antioxidant activity of the extract, a particle 
MMD of 1003 µm was chosen over 683 µm to as the former resulted in a slightly higher 
honokiol yield. Thus, the final optimum extraction conditions coincide with SFE 
experiment 9. As the PCerror for honokiol and magnolol yields as well as antioxidant 
activities were greater than 50 % (Table 34), it could be implied that the variables studied 
could not sufficiently explain the results. This was postulated to be due to the inability of 
neat SFE to overcome matrix-analyte interactions present. Nevertheless, the pressure and 
temperature were important factors affecting the extraction process. 
 
c. Solvent matching of the Hildebrand solubility parameter of Sc-CO2 to organic solvents 
In this study, the Hildebrand solubility parameter was used to match the solvency 
behavior of the supercritical fluid to that of n-hexane in SXE to determine if the 
Hildebrand solubility parameter could be used to predict quantitative recoveries of 
magnolol and honokiol. At SFE conditions matching the Hildebrand solubility parameter 
of n-hexane, i.e. SFE experiment 2, the ES, honokiol and magnolol yields were much 
lower than those obtained by PLE and SXE. The principal parameter for determining the 
solubility of an organic molecule in carbon dioxide is reported to be the density of the 
supercritical phase, as it determines the extent of interaction between CO2 and the 
molecules of the solute (Pourmortazavi et al., 2003). Hence, the density of CO2 
employed, and thus the Hildebrand solubility parameter was kept constant in four 
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different extraction conditions (Table 36). The SFE conditions for these experiments 
were chosen to yield a density of approximately 0.7 g/cm3, which would in turn give a 
Hildebrand solubility parameter, δ of 7.4 (cal/cc)0.5 as calculated from the method 
described in the Experimental section. This is close to that of hexane (δ at 25 °C is 7.3). 
Despite maintaining similar densities of the supercritical fluid, an increase in pressure 
and temperature generally resulted in increased ES yields. A larger quantity of pigments 
in the extracts of Tagetes erecta was also obtained when temperature was increased at a 
constant fluid density (Naranjo-Modad et al., 2000). The ES yield was very low at the 
mildest condition employed, condition 1. Surprisingly, condition 2 produced much higher 
ES yield than condition 3 (Fig. 43) as the latter resulted in the extraction of thick, waxy 
extracts which tended to clog the restrictor. Persistent clogging of the restrictor valve was 
encountered despite heating the restrictor to 80 °C. Extracts obtained at the harshest 
condition (condition 4) appeared denser and darker with the odor of charred sugar, 
implying greater co-extraction of extraneous compound as evidenced from the high ES 
values. These extracts were more fluid due to increased temperature which reduced the 
extract viscosity (Bartley and Foley, 1994; Hsu et al., 2001). Paraffinic compounds, like 
waxes, are found on the surface of the botanical material and do not have affinity for the 
botanical matrix. Therefore, their extraction would be governed mainly by their solubility 
in the supercritical phase. Waxes and triglycerides are reported to be found in extracts at 
all process conditions, especially if the residence time in the supercritical solvent is 
sufficiently long (Reverchon, 1997). In this experiment, greater co-extraction of waxes 
was observed with increase in extraction time and harsher extraction conditions.   
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Fig. 43. Extractable solids yields of SFE extracts obtained at different SFE conditions 
with similar CO2 density. 
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Another interesting observation was the significant increase (p = 0.001) in the 
proportion of honokiol in the dried extract with harsher extraction conditions, despite the 
consistent fluid density. This confirmed the earlier suggestion that honokiol was more 
strongly interacting with the solid matrix compared to magnolol. The higher temperatures 
employed supplied sufficient energy to break these interactions allowing greater amounts 
of honokiol to be extracted per unit mass of dried extract. On the other hand, proportion 
of magnolol in the dried extract was highest in condition 2, before declining at higher 
extraction temperatures. This would more likely reflect that greater amounts of co-
extracted compounds in the extract, thus reducing the relative proportion of magnolol 
present. The extraction of Magnolia bark was thus affected by the pressure and 
temperature employed in the supercritical fluid extractor. Thus, the ability to predict the 
extraction of honokiol and magnolol from Magnolia bark using the Hildebrand solubility 
parameter was limited in the extraction of botanical materials compared to other 
applications (Vetere, 1979; Vermuë et al., 1992). 
 
4. Pressurized liquid extraction 
a. The effect of process variables on PLE 
 The results of the L9(3)4 Taguchi design matrix study for PLE are shown in Table 
37. The influence of the PLE variables on the ES, honokiol and magnolol yields was 
found to decrease as follows: temperature > particle size > static extraction time (Table 
38). Flush volume had insignificant effect on PLE. PCerror values for all the yields were 
around 30 % and this was postulated to be due to natural variations in the starting 
material. An increase in extraction temperature from 70 to 100 °C led to increased yields  
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Table 37. The L9 (3)4 Taguchi design matrix for PLE of Magnolia bark and the resultant outcome indices. 
 
Expt 
Variables Average outcome ± standard deviation (n = 3) * 
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* Numbers in parentheses indicate standard deviation (n = 3). 
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1. ES yield (% w/w) 
k1,1 1.906 1.627 2.160 1.761  
k1,2 1.881 2.002 1.720 1.920  
k1,3 1.951 2.109 1.858 2.057  
R1 0.070 0.482 0.440 0.296  
PC1 (%) * 32.58† 25.24† 9.48† 32.70 
2. Honokiol yield (% w/w) 
k2,1 0.050 0.038 0.072 0.054  
k2,2 0.068 0.056 0.051 0.071  
k2,3 0.060 0.084 0.054 0.053  
R2 0.018 0.045 0.021 0.018  
PC2 (%) 4.95 45.60† 9.77† 6.62 33.06 
3. Magnolol yield (% w/w) 
k3,1 0.546 0.468 0.730 0.569  
k3,2 0.685 0.581 0.558 0.708  
k3,3 0.607 0.789 0.549 0.560  
R3 0.138 0.321 0.181 0.148  
PC3 (%) 5.09 39.60† 13.99† 8.35† 32.97 
4. MH ratio 
k4,1 11.332 12.612 10.906 11.004  
k4,2 11.014 10.531 11.547 10.477  
k4,3 10.364 9.567 10.257 11.228  
R4 0.967 3.046 1.290 90.576  
PC4 (%) 3.31 55.92† 7.48† * 33.29 
5. Antioxidant activity 
(QE x 10-2) 
k5,1 0.99 0.67 0.79 0.74  
k5,2 0.67 0.93 0.87 0.81  
k5,3 0.75 0.81 0.75 0.86  
R5 0.33 0.25 0.13 0.13  
PC5 (%) 40.38† 21.43† 3.57 3.71 59.62 
* Pooled into error † indicates that the effect of the parameter was significant at p<0.05 (ANOVA) 
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but reduced selectivity of magnolol over honokiol (Table 37). The proportion of bioactive 
compounds in the extract was also compromised due to greater co-extraction of 
extraneous material, as indicated by the greater increase in yield of ES compared to the 
yields of magnolol and honokiol. The yields of honokiol and magnolol increased with 
temperature, implying greater disruption of matrix-analyte forces. However, the 
antioxidant activity of the extracts was found to be diminished when temperature was 
increased to 100 °C, implying deterioration of certain components that were synergistic 
with honokiol and magnolol or extraction of certain components that were antagonistic. 
 
Particle size exerted a significant influence on the performance of PLE but not 
SFE. This was a significant finding which indicated that supercritical fluids had greater 
penetrative ability than highly pressurized liquids. The smallest particle size generated 
the greatest ES, honokiol and magnolol yields, which could be ascribed to the larger 
surface area presented by smaller particles for extraction. A significant decrease in yields 
was observed as the particle size was increased due to increased mass transfer resistance. 
 
In PLE, the static extraction mode refers to the condition where a fixed volume of 
solvent is used to extract in an extraction chamber over a fixed period of time (i.e. the 
static extraction time) (Luque-García and Luque de Castro, 2003). The total ES yield was 
found to increase with static extraction time, but the yields of magnolol and honokiol 
decreased when static extraction time was longer than 10 min, implying possible thermal 
degradation of magnolol and honokiol. Flush volume had no significant effect on the 
quantitative yields, which is in agreement with the extraction of active compounds from 
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the root cortex of Dictamnus dasycarpus (Jiang et al., 2006). However, larger flush 
volumes were associated with greater loss in antioxidant activity. This could be due to 
degradation of the active principles during the post-extraction evaporation process 
whereby larger volumes took a longer time to evaporate, resulting in longer exposure of 
the extract to heat. From the Taguchi design, the optimum PLE conditions for maximal 
yields of honokiol and magnolol from Magnolia bark were flush volume 70 %, 
temperature 100 °C, particle MMD 683 µm and static extraction time 10 min, coinciding 
with PLE experiment 6. However, the flush volume and temperature should be modified 
to 60 % and 85 °C respectively, to obtain maximum antioxidant activity. It was not 
necessary to modify the particle size and extraction time as they did not exert significant 
influence on antioxidant activity. Antioxidant activities of the PLE extracts were 
generally much lower than those of honokiol and the 1:1 magnolol-honokiol combination 
(Tables 35 and 38), implying co-extraction of compounds which may be antagonistic to 
antioxidant activity. 
 
b. The effect of number of cycles on PLE 
 There was no significant advantage in increasing the number of PLE extraction 
cycles as extraction was already exhaustive with a single extraction cycle. After two 
cycles of extraction, the ES, honokiol and magnolol yields were similar to those obtained 
after the first cycle (p = 1.000, 0.089, 0.707 respectively, one-way ANOVA). The ES 
yield was, however, significantly higher when the number of cycles was increased from 
two to three (p = 0.020) although magnolol yield remained unchanged (p = 0.518, Fig. 
44). Honokiol yield also decreased significantly when three extraction cycles were used 
(p = 0.003) as it was more thermolabile than magnolol and increasing the number of  




Fig. 44. The effect of number of PLE extraction cycles on the ES, honokiol and magnolol 
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cycles further compromised the stability of honokiol. MH ratio was significantly 
increased (p < 0.001), corresponding to the deterioration of honokiol rather than 
increased selectivity on the part of magnolol. Despite the decline in honokiol yield, 
antioxidant activity, remained unchanged with increasing number of cycles (p = 0.214). 
This suggested increased co-extraction of other compounds which had a synergistic effect 
with magnolol and honokiol on the antioxidant activity of the extract. Each successive 
increase in number of extraction cycle resulted in a 15 – 18 % increase of solvent 
consumption. Besides, quantitative recoveries of the bioactive compounds were not 
increased and there was a decline in the overall biological quality of the extract. Hence, a 
single cycle was deemed adequate for exhaustive recoveries of the compounds of interest 
while minimizing degradation of the bioactive compounds. 
 
5. Comparison of yields and antioxidant activity of extracts obtained from different 
extraction processes 
There was no significant difference (ANOVA, p > 0.05) in yields obtained by 
SXE from milled Magnolia bark of different particle sizes, indicating that this method of 
extraction was exhaustive (Table 39). At the optimal conditions, SFE achieved 98 % of 
the ES yield of PLE and 62 % of the ES yield of SXE. The corresponding honokiol yield 
was 50 % while the magnolol yield was 68 % of those obtained by PLE; and 52 % of 
magnolol and 67 % of honokiol yield obtained by SXE. Poorer recoveries of SFE 
compared to n-hexane extraction of pistachio oil using PLE and SXE were also reported 
(Sheibani and Ghaziaskar, 2008). The relationship between ES yield and particle size was 
similar for both SFE and SXE, with the intermediate particle size demonstrating the                                              
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* Numbers in parentheses indicate standard deviation (n = 3). 
 
 
highest yields. Reduced yields at larger particle sizes were explained by the increased 
mass transfer resistance. In the smallest particle size, shorter diffusion pathways and 
greater surface area per volume ratio allowed compounds which where not strongly held 
by the botanical matrix to be more rapidly extracted. These compounds would thus be 
exposed for longer periods to the solvent or supercritical fluid at the temperatures 
employed. Consequentially, thermal degradation of these compounds (especially volatile 
compounds) may occur leading to a decrease in ES yield. This phenomenon was also 
reported by other researchers (Mira et al., 1999; Guan et al., 2007). This was not 
observed in PLE due to the relatively shorter extraction times. At PLE optimal 
conditions, the honokiol and magnolol yields were comparable to those obtained by SXE 
(p > 0.05) even though ES yield obtained by PLE was significantly lower (p<0.05). The 
proportions of magnolol and honokiol in the extracts obtained by PLE were higher 
compared to those obtained by SXE (honokiol 5 % vs 3 %; magnolol 46 % vs 30 %). 
However, similar proportions of the bioactive compounds were found in the extracts 
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obtained by both SFE and PLE at their optimal conditions for yield (p = 0.966, Student’s 
t-test). Even so, the greatest proportion of  both honokiol and magnolol in the dried SFE 
extract was achieved at low pressure settings (200 bar) despite the lower quantitative 
recoveries of ES and the bioactive compounds.  
 
In contrast to PLE, the MH ratio could be modified to a great extent by varying 
the operation conditions of SFE. This property of SFE is especially important in the 
isolation of closely related isomers typically found in botanicals. Clearly, PLE and SFE 
were more efficient and economical alternatives to SXE (Table 40). The PLE process 
produced comparable recoveries to SXE while SFE was able to produce greater 
selectivity between the isomers as well as greater proportions of bioactive compounds in 
the dried extract. Extracts produced could also be analyzed directly with minimal clean-
up needed. More importantly, the antioxidant activity of the SFE extract was higher than 
that of PLE or SXE extracts obtained at optimal conditions. This was attributed to the 
gentler and shorter extraction process suited for thermolabile antioxidant compounds. 
The results concur with findings by other investigators (Tipsrisukond, 1998; Grigonis et 
al., 2005; Vagi et al., 2005; Kitzberger et al., 2007). 
 
Table 40. Comparison of extraction efficiency of SXE, PLE and SFE. 
 
Extraction method Extraction time (h) Organic solvent : feed ratio 
SXE 8 100 
PLE 0.25 - 0.50 1.6 
SFE 2 - 3 0 * 
 
* Only CO2 was used. A small volume (less than 5 ml) of methanol was used to flush the lines   
   after each SFE run. 
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6.  The effect of void volume in high diffusion fluid extraction systems 
 
 The relative standard deviations of ES yields for SFE and PLE at optimized 
conditions were observed to be high. This implied that minimizing void volume of the 
extraction vessel was important for high pressure extraction systems. A 10 g : 40 g 
weight ratio of feed material to glass beads was found to reduce the void volume of both 
SFE and PLE vessels to a minimum. Dispersing the milled Magnolia bark with glass 
beads improved ease of filling the botanical substrate into the vessel as bridging was no 
longer a problem. While ES yield remained unchanged (PLE : p = 0.195, SFE : p =  
0.132, Student’s t-test), there were marked improvements in process reproducibility as 
indicated by the reduction in RSD values (Table 41). Similar findings were also reported 
in other applications (López et al., 2004; Sheibani and Ghaziaskar, 2008). There was also 
a 11 – 15 % reduction in amount of solvent used for static extraction and ~ 5 % overall 
volume reduction for PLE with the flushing step. This was attributed to better dispersion 
of the milled material thus maximizing surface area exposed to the extracting fluid or 
solvent. Further experiments were carried out with the extraction vessel packed with 
milled Magnolia bark and glass beads in a 1 : 4 ratio.  
 
Table 41. The effect of bed packing on reproducibility of extraction. 
 
 Without glass beads as 
packing material 
With glass beads as  
packing material 
ES yield (% w/w) RSD ES yield (% w/w) RSD 
PLE experiment 6 2.3321 (0.2247) 9.64 2.4899 (0.1113) 4.47 
SFE experiment 9 2.4195 (0.3508) 14.50 2.4137 (0.1236) 5.12 
 
* Numbers in parentheses indicate standard deviation (n ≥ 3). 
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B. Optimization of SFE for quantitative recoveries of active compounds  
 
1.  The effect of static extraction time on SFE 
While SFE produced purer extracts compared to the other methods, efforts were 
directed at improving the quantitative recoveries of the active compounds. Static 
extraction time had no effect on the yields of ES, honokiol and magnolol (p = 0.892, 
0.108, 0.122 respectively, one-way ANOVA) as shown in Fig. 45. The lack of effect of 
both static and dynamic extraction time was also reported in other studies (Gomes et al., 
2007) and it could be attributed to the presence of low volatility compounds with poor 
dissolution in the supercritical fluid. Additionally, it could also be due to the strong 
dependence of SFE on matrix-analyte interactions in the botanical samples (Bayona, 
1998). Thus, methods for disrupting these interactions to improve extractability of the 
active principles would be required to increase the quantitative recoveries of these 
compounds. As a static extraction time of 2 min resulted in the highest reproducibility 
(RSD 3.6 %) in this study, it was adopted for further SFE experiments. 
 
2. The effect of matrix pre-treatment 
 Pre-soaking of the bark material before charging into the extraction vessel was 
carried out based on reported findings that pre-soaking coffee beans drastically improved 
extraction yields (Zosel, 1981). However, hardly any ES yield could be detected due to 
plugging of the restrictor by ice crystals. A higher restrictor temperature was required to 
circumvent this problem but the SFE equipment available lacked the facility to achieve 
this. The insignificant recovery of ES might also be due to water acting as a diffusional 
barrier to CO2 penetration into the matrix (del Valle et al., 2005). 
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 Additionally, although fast depressurization has been reported to improve 
extraction yields of essential oils from oregano and thyme leaves, as well as celery fruit 
(Gaspar et al., 2001; Rochová et al., 2008; Stamenic et al., 2008), no significant increase 
in ES yield (2.3265 ± 0.1383 %) was obtained when 6 pressurization-depressurization 
cycles were employed. This was probably because the highly lignified matrix of 
Magnolia bark was relatively unmaleable to pressure changes as compared to softer 
matrices such as leaves. In bark tissues, cells were well protected from rupture by the 
lignified matrix. Thus, this method of improving ES yield is likely to be restricted to 
softer matrices and those containing secretory ducts. As a result, further experimentation 
involving depressurization was not attempted. 
 
3. The effect of modifier addition method on SFE 
 
 The addition of a polar modifier was employed in an attempt to further improve 
the yield of Magnolia bark extracts obtained by SFE. A preliminary study was first 
carried out to investigate the effects of modifier addition method at the predetermined 
optimal conditions with static extraction time of 2 min. Three methods of adding 
methanol (modifier) were studied: dispersion with milled material, direct addition onto 
the extraction bed and in-line addition into the Sc-CO2 stream. 
 
Statistically, there were no significant differences (p > 0.3, one-way ANOVA) in 
the ES, honokiol and magnolol yields produced by all three addition methods (Fig. 46). 
However, direct addition of modifier onto the extraction bed was found to result in high 
RSD values. This was attributed to less homogeneous mixing of all surfaces of the  





Fig. 46. The effect of modifier addition method on ES, honokiol and magnolol yields 
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botanical material with the modifier, leading to non-uniform concentration gradients 
forming within the extraction bed. A large portion of the modifier might also be carried 
out of the vessel by the supercritical fluid before it could come into contact with the 
material at the bottom of the extraction vessel. This explained the poor reproducibility 
when this method was used. While the in-line addition method resulted in low RSDs, it 
did not allow sufficient time for the modifier to completely access the milled Magnolia 
bark. Besides resulting in significantly lower RSD values, dispersing the modifier with 
matrix was also simpler to perform. This method allowed the equilibration and 
establishment of modifier-analyte interactions prior to dynamic extraction by SFE, thus 
enabling better desorption of the analyte from the botanical matrix (Bayona, 1998). 
Hence, this method of modifier addition was adopted in subsequent studies. 
 
4. Optimization of the collection system 
 
 High variability in yields from SFE processes employing an organic solvent 
modifier has been reported and this was attributed to loss of compounds through the 
exhaust via aerosol formation (Sclafani et al., 2001) . Hence, experiments to evaluate the 
efficiency of the collection system were performed to improve the extraction 
reproducibility of this study (RSD 21.4%)  Due to the high cost of the standard bioactive 
compounds, honokiol and magnolol, experiments were carried out using the paraben 
homologous series which were spiked separately into different organic solvents used for 
liquid trapping.  
 
 
RESULTS AND DISCUSSION 
 201
The efficiency of n-hexane, acetonitrile, methanol, and acetone as liquid traps was 
evaluated (Fig. 47). These solvents were chosen as both honokiol and magnolol were 
soluble in them. Decompression of the supercritical fluid into the liquid solvent could be 
considered analogous to bubble formation at a submerged, wetted orifice (McDaniel, 
1999). At a fixed flow rate of CO2 and restrictor internal diameter, the factors affecting 
bubble size formation would be the gravitational acceleration as well as density, viscosity 
and surface tension of the trapping liquid (1986; McDaniel, 1999). Smaller bubble sizes 
resulted in increased surface area for analyte to pass into the solvent. The results 
indicated that boiling point of solvent did not have an effect on the recovery of the spiked 
compounds, which was reported by other workers (Langenfeld et al., 1992). The 
viscosity and density of the various solvents had a greater influence on recovery of spiked 
parabens by the liquid trap. n-Hexane was not suitable as a trapping solvent for spiked 
methyl paraben as almost 75 % of the solvent volume was lost through purging, carrying 
with it most of the compound as well. This was due to the lower density of n-hexane 
compared to the other solvents studied, allowing it to be easily aerosolized and carried off 
by the purging air current. Thus, the use of n-hexane was not evaluated further. Although 
acetone allowed comparable recovery of the parabens compared to acetonitrile and 
methanol, there was more than 30 % reduction of the liquid trap volume. This may be 
translated to a loss of more volatile compounds when the actual botanical material was 
extracted. The loss in solvent volume of acetone was attributed to the much lower 
viscosity of acetone compared to methanol and acetonitrile (Table 16). While methanol 
and acetonitrile resulted in comparable recoveries of parabens, methanol showed lower 
loss in solvent volume (4 % vs 6 %) and greater reproducibility of recovery (RSD 2 % vs  
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RSD 6 %). As alluded earlier, this was attributed to its higher viscosity value. The higher 
viscosity of methanol resulted in less acceleration of the bubble in its upward flow 
towards the air-liquid interface, compared to the other solvents studied.  
 
Hence, methanol was thus chosen as the liquid trap for evaluation on collection 
efficiency of Magnolia bark extracts obtained at optimized SFE conditions. Although ES 
yields obtained were similar (p = 0.728, Student’s t-test) for dry trapping and liquid 
trapping (2.9191 ± 0.6233 and 3.0623 ± 0.7521 respectively), precision was found to be 
greatly improved (RSD 7.2 %) when methanol solvent trapping system was used for 
methanol-modified SFE of Magnolia bark. Flow rate could not be evaluated for this study 
as rates of 3 ml / min or higher caused volatilization of solvent carrying the extract out of 
the collection vessel, leading to potential clogging of exhaust tubings.  
 
 
C. The effect of solvent type on SXE, PLE and SFE 
 
 SFE was first studied to determine if it could be used to produce cleaner, solvent-
free extracts of Magnolia bark. From the Taguchi design, low yields of the active 
principles were obtained and it was postulated that the limiting factor for SFE of honokiol 
and magnolol from Magnolia bark was matrix-analyte interactions and low solubility of 
these moderately polar compounds in the lipophilic Sc-CO2. Despite high densities of 
CO2 employed, the yields of these compounds were not too high. Therefore, the addition 
of a modifier with a high dielectric constant was employed in an attempt to increase 
increase the extractability of these compounds from the botanical matrix. The SXE and 
PLE processes were further carried out with 8 different solvents ranging from non-polar 
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to polar types and these same solvents were also employed as modifiers in SFE at 10 % 
v/v concentration with respect to the supercritical fluid (Table 16). As the previous study 
indicated that a single cycle was sufficient for exhaustive extraction of Magnolia bark 
using PLE, single cycle extraction was carried out for PLE using all solvents in this 
study. Conditions employed for PLE corresponded to PLE experiment 6 performed 
earlier. 
 
1.  Characterization of extracts obtained by different extraction techniques  
The extracts obtained by Soxhlet and PLE were much darker than those by SFE 
due to higher amounts of co-extracted material (Table 42). This decreased selectivity was 
also observed in SXE and PLE of polyaromatic hydrocarbons from soils compared to 
SFE and supercritical water extraction (Hawthorne et al., 2000). The dark brown 
coloration of the extracts obtained from moderately to highly polar solvents were likely 
caused by tannins present in the bark while the pale yellow coloration of n-hexane (and to 
some extent, ethyl acetate) extracts were most probably due to lipophilic substances such 
as waxes, resins and essential oils. All extracts obtained by SFE, regardless of modifier 
type employed, appeared resinous and yellow, indicating that the majority of extracted 
constituents were lipophilic in nature. SFE extracts appeared cleaner and had better 
aromatic quality closer to that of the starting material. Extracts obtained by SFE also did 
not require long evaporation times to dry as the quantity of solvent used as modifier was 
much lower than that required for SXE and PLE extractions. 
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Table 42. Characterization of Magnolia bark extracts obtained using different types of 





process Description of dried extract 
n-Hexane 
SXE Pale yellow extract. Almost odorless 
PLE Yellow extract with wax-like appearance. Faint aromatic 
odor. 
SFE Pale yellow oily extract. Faint  aromatic odor. 
Ethyl acetate 
SXE Orange-brown sticky extract. Moderate aromatic odor. 
PLE Light brown sticky extract. Moderate aromatic odor. 
SFE Bright yellow sticky extract. Strong aromatic odor. 
Ethanol 
SXE Golden brown sticky extract. Strong aromatic odor. 
PLE Reddish-brown sticky extract. Strong aromatic odor. 
SFE Bright yellow sticky extract. Strong aromatic odor. 
Methanol 
SXE Light brown sticky extract. Moderate aromatic odor. 
PLE Dark brown sticky extract. Strong aromatic odor. 
SFE Golden yellow sticky extract. Very strong aromatic 
odor. 
Acetonitrile 
SXE Light brown extract. Moderate aromatic odor. 
PLE Brown sticky extracts. Faint aromatic odor. 
SFE Pale yellow extract. Faint aromatic odor. 
Ethanol 50 % 
SXE Yellow ochre extract. Faint aromatic odor. 
PLE Dark brown extracts. Faint aromatic odor. 
SFE Pale yellow extract. Faint aromatic odor. 
Water 
SXE Light brown extracts. Very faint aromatic odor. 
PLE Very dark brown mucilaginous extract. Slight odor of 
charred sugar.  
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Figs. 48 - 50 display the chromatograms of the afore-mentioned Magnolia bark 
extracts. It was observed that the PLE and SFE extracts showed more peaks than the SXE 
extracts, indicating the presence of more types of compounds. This was a surprising 
finding, as SXE is known to be an exhaustive extraction process and resulted in greater 
yields of extraneous compounds compared to PLE and SFE (Table 43). Therefore, the 
extracts obtained by SXE were expected to contain more types of compounds than those 
obtained by the other two extraction methods. There are several possible explanations for 
this observation. Firstly, there were several distinct clusters of peaks present in both PLE 
and SFE but not in SXE. This implied that there was greater extractability of certain types 
of compounds by the high diffusivity of fluids into the botanical fluids compared to 
extraction by SXE. Secondly, peaks 5 - 8 in SXE, 20 - 24 in PLE and 14 - 18 in SFE were 
eluted at similar retention times (t = 24 - 26 min), i.e. they represent similar compounds 
extracted by all three methods. It was observed that the peaks produced by SXE were less 
obvious compared to those produced by PLE and SFE, suggesting possible thermal 
degradation of these compounds due to the harsh extraction conditions employed in SXE. 
It was also possible that some of the extracted compounds which were macromolecules 
were removed by the membrane filter used to clarify the extract before HPLC-DAD 
determination. Alternatively, these compounds could not be effectively eluted from the 
HPLC column used. As such, the PLE extracts would also be expected to contain more 
compounds than that indicated by the chromatogram. 
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Fig. 48. HPLC-DAD chromatograms of Magnolia bark extracted with different solvents 
by SXE. Peaks 2 and 4 indicate honokiol and magnolol respectively. 
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Fig. 49. HPLC-DAD chromatograms of Magnolia bark extracted with different solvents 
by PLE. Peaks 10 and 12 indicate honokiol and magnolol respectively. 
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Fig. 50. HPLC-DAD chromatograms of Magnolia bark extracted with different modifiers 
and CO2 by SFE. Peaks 5 and 7 indicate honokiol and magnolol respectively. 
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Table 43. The effect of different solvent and modifier types on extraction of Magnolia 














modifier  SFE 2.414 (0.124) 0.031 (0.014) 0.471 (0.114) 15.84 (3.06) 
n-Hexane 
SXE 3.694 (0.537) 0.112 (0.021) 1.090 (0.158) 9.84 (0.53) 
PLE 2.332 (0.225) 0.117 (0.030) 1.074 (0.231) 9.25 (0.44) 
SFE 2.495 (0.239) 0.049 (0.007) 0.622 (0.056) 12.66 (0.74) 
Ethyl 
acetate 
SXE 11.483 (1.283) 0.191 (0.030) 1.342 (0.215) 7.04 (0.22) 
PLE 9.608 (0.294) 0.140 (0.006) 0.992 (0.068) 7.07 (0.36) 
SFE 2.496 (0.418) 0.047 (0.002) 0.573 (0.010) 11.37 (1.94) 
Ethanol 
SXE 16.489 (0.626) 0.207 (0.014) 1.519 (0.079) 7.34 (0.22) 
PLE 9.867 (0.667) 0.141 (0.012) 0.954 (0.104) 6.74 (0.17) 
SFE 3.533 (0.215) 0.083 (0.011) 0.949 (0.086) 11.41 (0.52) 
Methanol 
SXE 14.269 (1.095) 0.168 (0.031) 1.469 (0.198) 8.81 (0.43) 
PLE 14.052 (0.948) 0.177 (0.010) 1.226 (0.063) 6.93 (0.12) 
SFE 2.853 (0.110) 0.046 (0.009) 0.628 (0.044) 13.93 (1.87) 
Acetonitrile 
SXE 10.421 (2.567) 0.195 (0.014) 1.324 (0.181) 6.79 (0.47) 
PLE 9.731 (0.450) 0.141 (0.003) 0.963 (0.062) 6.82 (0.51) 
SFE 2.622 (0.453) 0.059 (0.014) 0.668 (0.101) 11.75 (0.18) 
Ethanol 
50% 
SXE 16.209 (2.689) 0.167 (0.046) 1.111 (0.330) 6.65 (0.24) 
PLE 12.233 (0.920) 0.191 (0.012) 1.189 (0.108) 6.23 (0.21) 
SFE 2.835 (0.251) 0.070 (0.005) 0.827 (0.065) 11.48 (1.15) 
Water 
 
SXE 11.137 (1.331) 0.079 (0.001) 0.238 (0.054) 3.01 (0.70) 
PLE 7.705 (0.858) 0.019 (0.006) 0.130 (0.032) 7.09 (0.81) 
SFE 1.583 (0.068) 0.047 (0.016) 0.533 (0.177) 11.81 (0.25) 
 
* Number in parentheses indicate standard deviation (n = 3). 
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2.  The effect of solvent and modifier type on ES yields  
Table 43 shows the effect of solvent and modifier type on ES, honokiol and 
magnolol yields, as well as the MH ratios, of the Magnolia bark extracts produced by 
SXE, PLE and SFE. In general, SXE resulted in greater ES yields compared to PLE (p < 
0.001) and SFE (p < 0.001). Low ES yields were obtained when solvents at both 
extremes of polarity were used, e.g. n-hexane (SXE : 3.4 %, PLE : 2.3 %) and water 
(SXE : 11.1 %, PLE : 7.7 %). The results also indicated that the majority of extractable 
solids in Magnolia bark are soluble in moderately polar solvents, namely methanol (SXE 
: 14.3 %, PLE : 14.1 %) and ethanol (SXE : 16.5 %, 9.9 %). This accounts for the darker 
coloration of SXE and PLE extracts produced when ethanol, methanol, acetonitrile and 
ethanol 50 %, were employed (Table 42).  
 
The results demonstrated that solvent polarity played an important role in the ES, 
magnolol and honokiol yields as well as isomer selectivity of Magnolia bark extracts 
obtained by SXE. Ethanol resulted in the highest ES yield in SXE (16.48 ± 1.10) but in 
PLE, the highest ES yield was obtained using methanol (14.05 ± 0.95). Yields obtained 
by SFE were very much lower (p < 0.001) compared to those obtained by SXE or PLE 
despite the addition of polar modifiers. Similar findings were also reported by other 
investigators (Yang et al., 2002). Markom et al. (2007) correlated the physicochemical 
properties of solvents, including dipole moment, dielectric constant, viscosity and surface 
tension, to the extraction yields of hydrolysable tannins from Phyllanthus niruri. While 
Markom and co-workers (2007) did not discuss the effect of pressure and temperature on 
the solvent physicochemical properties, it is important to bear in mind that the values 
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used for comparison were those at ambient conditions but nevertheless provided a rough 
gauge of the solvent properties. In SFE of Magnolia bark employing different solvent 
modifiers, it was found that the ES, honokiol and magnolol yields correlated with the 
dielectric constant of the solvents employed, with the exception of ethyl acetate and 
acetonitrile (Fig. 51). The RSD values for the yields obtained using ethyl acetate and 
acetonitrile modifiers were also much higher (16 – 18 %) compared to when neat Sc-CO2 
and other modifiers were employed. Hence, the afore-mentioned correlation was stronger 
for polar modifiers possessing the –OH groups. Modifiers possessing the –OH groups are 
able to form hydrogen bonds with polar matrix components, thus resulting in swelling of 
the matrix -  a capability not possessed by ethyl acetate and acetonitrile (Reverchon, 
1997; Reverchon and De Marco, 2006). The swollen matrix would in turn facilitate 
penetration of the solvent into the matrix and diffusion of extracted solute out of the 
matrix (Kim et al., 2008; Shi et al., 2009). Thus, the use of solubility parameters alone 
was not sufficient to account for the yields obtained. The correlation between yields and 
dielectric constant was not observed in SXE and PLE, implying the importance of matrix-
modifying effects and matrix-analyte interactions in SFE.  
 
The selectivity of magnolol to honokiol was the greatest for SFE compared to 
PLE and SXE (p < 0.001). Although the use of polar and alcoholic solvents in PLE and 
SXE resulted in greater overall yields, there were also greater percentages of extraneous 
compounds extracted such as waxes, tannins, sugars, starches and pigments. The 
proportion of honokiol or magnolol in the dried extracts were much higher for SFE 
compared to SXE and PLE (p < 0.001, Fig. 52). 
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Fig. 51. Correlation between dielectric constant and (a) ES, (b) honokiol and (c) 
magnolol yield obtained from SFE. Modifiers used are 1 = no modifier added, 2 = 











Fig. 52. Proportion of honokiol and magnolol in dried extracts obtained using different solvents and extraction methods. 
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As the SFE extracts contained greater proportions of honokiol and magnolol, there was 
reduced need for extensive post-extraction clean up steps. This resulted in reduced 
wastage of resources as well as potential time and cost savings. For both SXE and PLE, 
n-hexane resulted in the highest proportion of honokiol and magnolol in the dried extract 
while water was the least discriminatory. All other solvents used produced extracts of 
rather similar quality.   
 
3. The effect of solvent and modifier type on antioxidant activity 
The PLE extracts, obtained with all extraction solvents used except EtOH 50 %, 
possessed higher antioxidant activities than the SXE extracts (Fig. 53). Although higher 
temperatures were employed in PLE, the duration of extraction was far shorter (minutes 
for PLE vs. hours for SXE) thus minimizing exposure of thermolabile antioxidant 
compounds to degradation. Use of methanol as modifier in SFE resulted in extracts with 
greater antioxidant activities. These results indicated that certain compounds in the 
extracts acted synergistically with honokiol and magnolol to produce higher antioxidant 
activities. Similar results were obtained for extractions from Chlorella pyrenoidosa (Hu 
et al., 2007). In the study by Hu et al. (2007), extracts obtained by SFE with ethanol as 
modifier showed greater antioxidant activity compared to the SFE extracts obtained 
without modifier. This finding was attributed to the greater quantities of polar compounds 
extracted when the modifier was used. In this study, the antioxidant activity of the SFE 
extracts was generally less than 50 % that of the SXE and PLE extracts. As extracts 
obtained by SFE contained much less polar compounds, there was less likelihood for 
synergism and subsequently less antioxidant activity of the extract. 






Fig. 53. The antioxidant activity of extracts obtained by different extraction methods 
employing different types of solvents (SXE and PLE) or modifiers (SFE). Error bars 
indicate standard deviation (n ≥ 3). n-hex : n-hexane, EtA : ethyl acetate, EtOH : ethanol, 
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4.  The effect of static extraction time on methanol modified SFE 
 When a modifier is employed in SFE, a sufficient amount of time is required to 
allow the modifier to interact with the botanical matrix (Ling et al., 1999; 
Mukhopadhyay, 2000). Hence, the effect of static extraction time on the yields of 
magnolol and honokiol, and the antioxidant activity of extracts were investigated (Figs. 
54 and 55). The static extraction time affected ES, honokiol and magnolol yields 
significantly (p-values 0.021, 0.028, and 0.001 respectively, one-way ANOVA). The ES, 
magnolol and honokiol yields were both found to be consistent up to 45 min of static 
extraction time (p > 0.1, one-way ANOVA). A longer static extraction time (60 min) 
resulted in significant reduction of the ES, magnolol and honokiol yields (p = 0.043, 0.04, 
and 0.035 respectively).  MH ratio remained consistent throughout (p = 0.193). The 
antioxidant activity of the extract obtained was found to increase when the static 
extraction time was increased from 2 to 15 min, and then decreased when the static 
extraction time was further prolonged (p = 0.027). The initial increase in antioxidant 
activity was not significant (p = 0.521), confirming the previous postulation that the 
antioxidant activity of the extracts were not solely due to the additive effects of active 
principles honokiol and magnolol, but to their synergism with other polar ingredients that 
were not very successfully extracted by SFE. The RSD values of the quercetin 
equivalents were also found to decrease when the static extraction time was increased 
from 2 min to 15 min, indicating that sufficient time was necessary for methanol to 
effectively act on the botanical matrix to produce consistent results. This was followed by 
reduction in antioxidant activity despite longer static extraction time. Increasing the static  
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Fig. 55. The effect of static extraction time on antioxidant activity of methanol-modified 
SFE extracts. 
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extraction time beyond 15 min thus resulted in minimal improvement in extraction 
efficiency and even reduced yield and bioactivity at 60 min. As the RSDs were also 
found to increase drastically after 15 min, a static extraction time of 15 min was found to 
provide sufficient time for methanol to exert its matrix-swelling effect on the extraction 
bed to result in higher and more precise yields while minimizing loss of volatile 
substances from the system. 
 
5. The effect of modifier addition at different conditions of SFE 
 The effects of methanol addition at 2 operational conditions were evaluated i.e. 
(a) 400 bar and 80 °C (SFE conditions for optimal yields of honokiol and magnolol) and 
(b) 200 bar and 50 °C (SFE conditions for greatest proportion of honokiol and magnolol 
in the extract). The effects of methanol addition on the yields and antioxidant activity are 
shown in Figs. 56 and 57 respectively. The addition of methanol resulted in significantly 
greater yields of honokiol and magnolol regardless of the condition employed. Extraction 
at 400 bar and 80 °C also resulted in greater recovery of extraneous compounds. 
However, the addition of methanol enabled less harsh extraction conditions to be 
employed without compromising on the honokiol and magnolol yields. Extracts obtained 
at 200 bar and 50 °C possessed greater proportions bioactive compounds per unit weight 
and significantly higher antioxidant properties. The antimicrobial activity of these 
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Fig. 56. The effect of methanol addition on yields obtained at different SFE conditions. 
 
Fig. 57. The effect of methanol addition on antioxidant activities of extracts obtained at 
different SFE conditions. 
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D. Optimization of PLE for high quantitative recovery of bioactive 
compounds 
 
Based on the results in the previous study, methanol was chosen to be used for 
PLE optimization with the aim to obtain high yields of honokiol and magnolol. The 
results are shown in Table 44. The influence of PLE variables on the ES yield was similar 
to what was obtained in the earlier study employing n-hexane as solvent. In both cases, 
temperature was a critical process variable (Tables 38 and 45). As observed in the 
previous study (Table 38), the values of the PCerror for all outcomes were around 25 - 35 
%, confirming that the variability in results was due to the inherent variability of the 
starting material or the process itself. Unlike PLE with n-hexane, honokiol and magnolol 
yields in PLE with methanol were not influenced by temperature at all, but more by 
particle size and static extraction time. Interestingly, an increase in particle size led to 
higher honokiol and magnolol yields, which was contrary to the results obtained for PLE 
with n-hexane. These findings confirmed that the main action of the modifier to increase 
the SFE yields of bioactive compounds was through the swelling of the botanical matrix. 
At similar conditions, the ES yields obtained using methanol was 5 - 7 times higher than 
those obtained using n-hexane, attributed to greater amounts of extraneous compounds 
extracted as discussed earlier. Methanol allowed swelling of the matrix (Lagenfeld et al., 
1994; Kim et al., 2008) and hence, more exhaustive efficient extraction of magnolol, 
honokiol and extraneous compounds.  Magnolol yields were doubled and honokiol yields 
were increased by 2 - 4 times when methanol was used at the same conditions as n-
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* Number in parentheses indicate standard deviation (n = 3). 
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1. ES yield (% w/w) 
k1,1 12.627 11.268 12.124 12.152  
k1,2 12.935 13.044 12.709 12.638  
k1,3 12.978 14.229 13.708 13.751  
R1 0.351 2.961 1.584 1.599  
PC1 (%) * 48.78† 12.72† 13.42† 25.08 
2. Honokiol yield (% w/w) 
k2,1 0.196 0.161 0.138 0.154  
k2,2 0.169 0.176 0.175 0.160  
k2,3 0.150 0.178 0.202 0.201  
R2 0.047 0.017 0.065 0.048  
PC2 (%) 17.48† * 35.24† 21.91† 25.38 
3. Magnolol yield (% w/w) 
k3,1 1.569 1.398 1.245 1.365  
k3,2 1.398 1.415 1.425 1.326  
k3,3 1.326 1.480 1.623 1.603  
R3 0.243 0.081 0.378 0.278  
PC3 (%) 13.99† * 35.07† 21.29† 29.65 
4. MH ratio 
k4,1 8.263 8.818 9.105 9.011  
k4,2 8.359 8.130 8.253 8.410  
k4,3 8.875 8.549 8.139 8.076  
R4 0.611 0.688 0.965 0.934  
PC4 (%) 9.83† 11.17† 28.66† 22.67† 27.67 
5. Antioxidant activity  
    (QE x 10-2) 
k5,1 2.55 2.39 2.14 2.27  
k5,2 1.56 2.04 2.22 2.30  
k5,3 2.28 1.97 2.04 1.83  
R5 0.98 0.43 0.18 0.47  
PC5 (%) 47.56† 7.30† * 10.65† 34.48 
* Pooled into error † indicates that the effect of the parameter was significant at p<0.05 (ANOVA) 
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As previously discussed, a high flush volume reduced the antioxidant activity and the 
yields of honokiol and magnolol. This was attributed to a longer evaporation time taken 
to remove the larger volume of solvent from the crude extract, thereby resulting in greater 
exposure to heat. n-Hexane extracts comprise essential oils, waxes and other low 
molecular weight lipophilic compounds. As methanol extracted higher molecular weight 
compounds such as sugars and starches, the extracts were generally quite viscous 
resulting in longer solvent removal time. Longer solvent removal time exposes the 
antioxidant compounds to further degradation as heat is also employed. Antioxidant 
activity was also inversely proportional to temperature owing to the deterioration of 
thermolabile polar compounds (as the yields of honokiol and magnolol were largely 
unaffected). However, the antioxidant activities of the extracts obtained were generally 
higher than those obtained by n-hexane extraction, and higher than those of pure 
honokiol, magnolol or their combination. Hence, the antioxidant activities are largely due 
to synergism of honokiol, magnolol and other polar compounds present in the bark.  
 
 The optimal conditions for honokiol and magnolol yields were a median particle 
size of 1403 µm, static extraction time of 15 min and flush volume of 60 %. As 
temperature did not have an impact on honokiol and magnolol yields but had a 
detrimental impact on antioxidant activity, it was fixed at the lowest value of 70 °C in the 
investigation on multiple PLE extraction cycles. The effects of multiple PLE cycles on 
yield and antioxidant activity are shown in Figs. 58 and 59. An increase in number of 
cycles resulted in the decline of honokiol and magnolol yields due to longer exposure 
time to high temperature. Selectivity between the isomers, expressed as the MH ratio,  
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Fig. 58. The effect of number of PLE cycles on ES, honokiol and magnolol yield of 





























Fig. 59. The effect of number of PLE extraction cycles on antioxidant activities of 
extracts obtained. 
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was also found to decrease. Nevertheless, an increase in antioxidant activity was 
observed (Fig. 59), confirming the presence of co-extracted polar antioxidant compounds. 
As the aim was to obtain maximal recoveries of honokiol and magnolol, a single 
extraction cycle was deemed sufficient to produce comparable recoveries with SXE (p = 
1.000, Student’s t-test). 
 
E. Summary for Part III 
 Table 46 briefly compares the process characteristics of SXE, PLE and SFE in the 
extraction of Magnolia bark. High diffusion fluid extraction, such as SFE and PLE, 
offered distinct benefits over SXE. Pressurized liquid extraction was proven to be a more 
efficient alternative, with 60 % reduction in solvent consumption. Supercritical fluid 
extraction resulted in poor recoveries of the active components due to matrix-analyte 
interactions. The interactions between honokiol and bark matrix was stronger compared 
to those between magnolol and the bark. The use of a polar modifier with an -OH group 
was able to overcome the matrix-analyte interaction in SFE. Thus, the efficiency of SFE 
is partially dependent the type of botanical to be extracted. Nevertheless, SFE resulted in 
cleaner extracts which required minimal post-extraction clean-up. Greater selectivity 
between magnolol and honokiol could be obtained by manipulation of pressure and 
temperature. The selection of the extraction process would therefore be dependent on the 
end goal; PLE for rapid exhaustive extraction in place of SXE and SFE for selective 
extraction. Additionally, antioxidant activities of the resultant extracts were not solely 
due to honokiol and magnolol but also to the synergism between these two compounds 
and other polar compounds present in the extract 
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Table 46. Features of different extraction methods for extraction of active principles 
from Magnolia bark in our laboratory. 
 
 SFE PLE SXE 
Process type Batch or semi-
continuous Semi-continuous Semi-continuous 
Investment costs High High Low 
Organic solvent 
consumption 
None or minimal 
 
Medium High 
















temperature Solvent choice 
Analyte recovery 
method 
Needs to be 
optimized 
Automated solvent 
and extract recovery Simple 
Particle size of feed 
material Not important Important 
Important 
 
Packing of the 
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PART IV.  EVALUATION OF ANTIMICROBIAL ACTIVITY OF 
EXTRACTS OBTAINED BY DIFFERENT EXTRACTION 
METHODS 
 
A.  Evaluation of antimicrobial properties by agar diffusion method 
 
Antimicrobial screening conducted in the early part of this study demonstrated 
promising activity of Magnolia bark against M. smegmatis. It was reported that magnolol 
and honokiol exhibited antibacterial activities against methicillin-resistant S. aureus and 
vancomycin-resistant enterococci (Syu et al., 2004), Propionibacterium (Park et al., 
2004) and periodontal pathogens (Ho et al., 2001; Greenberg et al., 2008). In the final 
part of this study, the activity of magnolol and honokiol, individually and in combination 
was evaluated against M. smegmatis (Table 47). The one way ANOVA on the four 
treatment groups namely streptomycin, honokiol, magnolol and combination of magnolol 
and honokiol (1:1) demonstrated a significant difference between groups (p = 0.001). 
Bonferroni post-hoc test showed that honokiol and magnolol had comparable activities 
against M. smegmatis (p = 1.000), accounting for around 84 % (p = 0.015) and 82 % (p = 
0.006) of ZIH produced by streptomycin 10 µg respectively. In terms of antibacterial 
activities, the combination of magnolol and honokiol (1:1) was comparable to the 
reference antibiotic (p = 1.000) but higher than either magnolol (p = 0.007) or honokiol 
(p = 0.017). These results indicated synergism between magnolol and honokiol which has 




Table 47. Zones of inhibition of magnolol, honokiol and a 1:1 combination of magnolol and honokiol against M. smegmatis. 
 
Compound tested 




(one-way ANOVA with Bonferroni post hoc test) 






Magnolol 10 µg 82.1 (6.5) 0.006 - - - 
Honokiol 10 µg 83.6 (3.1) 0.015 1.000 - - 
Magnolol and honokiol 
(1:1) 10 µg 94.5 (5.5) 1.000 0.007 0.017 - 
 
* Numbers in parentheses indicate standard deviation (n = 3).
RESULTS AND DISCUSSION 
 231
Table 48 shows the antmicrobial activity of extracts obtained by different 
extraction processes against M. smegmatis. n-Hexane extracts obtained by SXE and PLE 
showed significantly greater activity compared to methanol and water extracts (p < 0.05). 
Thus, it was postulated that the main antimicrobial components of the extracts were 
lipophilic. Lipophilic compounds are more likely to cross the phospholipid membrane of 
the bacteria compared to polar compounds (Mardigan et al., 2009). Water extracts 
obtained by both SXE and PLE did not demonstrate any activity against M. smegmatis. 
This was in contrast to results obtained in Part I, whereby extracts obtained by boiling or 
water maceration showed appreciable activity against the bacteria. It was thus postulated 
that the harsher conditions in SXE (prolonged extraction time) and PLE (elevated 
pressure) had resulted in degradation of the antimicrobial compounds through hydrolysis. 
Extracts obtained by PLE possessed 1.3 - 2.6 times greater activity than those obtained by 
SXE due to the shorter extraction times which minimized degradation of the active 
compounds. Although SFE resulted in comparatively lower yields compared to PLE and 
SXE, the SFE extract possessed greater proportions of the bioactive compounds. The SFE 
extract obtained without modifier was found to produce ZIHs which were comparable (p 
= 1.000, Student’s t-test) to those of the standard antibiotic disc, streptomycin 10 µm and 
much higher than those of SXE and PLE extracts. This was possibly due to the lower 
extraction temperatures employed in SFE. Addition of methanol modifier resulted in 
smaller ZIHs with respect to streptomycin, confirming that the lipophilic compounds 
were the most effective against M. smegmatis. Both PLE and SXE extracts possessed 
significantly smaller ZIHs with respect to streptomycin, magnolol, honokiol as well as 
the 1:1 combination of magnolol and honokiol (p < 0.01). 
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Table 48. Zones of inhibition of Magnolia bark extracts obtained by different extraction 
processes. 
 
Extraction process Solvent / Modifier ZIH (extract) / ZIH (streptomycin) % 
SXE 
n-Hexane 58.3 (0) 
Methanol 23.3 (0) 
Water 0 
PLE 
n-Hexane 74.9 (1.8) 
Methanol 60.5 (2.6) 
Water 0 
SFE 200 bar, 50 °C Methanol 80.6 (1.0) 
SFE 400 bar, 80 °C Methanol 91.1 (1.0) 
SFE 400 bar, 80 °C No modifier added 96.7 (0.8) 
 
* Numbers in parentheses indicate standard deviation (n = 3). 
 
B. Development of a microdilution method for determination of MIC 
The agar diffusion method allowed rapid evaluation of the antimicrobial potential 
of botanical extracts in comparison with standard antibiotics. However, there are several 
limitations associated with the agar diffusion method such as in-growth in the zone of 
inhibition, subjectivity associated with visual assessments and the effect of the solubility, 
volatility and diffusion characteristics of the test compound in the hydrophilic agar 
(Casey et al., 2004). In general, dilution methods such as MIC are more accurate for 
quantifying the antimicrobial activity of polar and non-polar botanical extracts (Cos et 
al., 2006). Conventionally, MIC is determined by the broth macrodilution method which 
requires large volumes of samples, solvents and media. Generating large quantitative 
recoveries with the laboratory-scale SFE equipment would be time consuming. 
Additionally, the broth macrodilution method is rather subjective as the MICs are 
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determined by visual inspection of turbidity. In contrast, the microdilution method offers 
greater objectivity in that the turbidity measurements are performed via absorbance 
spectrophotometry, thus allowing a more accurate and precise MIC range to be obtained.  
 
For the purposes of this study, the microdilution method was validated against the 
broth macrodilution. The MIC of streptomycin against M. smegmatis was determined by 
both methods. It was found that the MIC obtained using the microdilution method (0.50 - 
0.75 µg/ml) was comparable to that obtained using the broth macrodilution method (0.50 
- 0.75 µg/ml). The microdilution method was thus employed for further MIC and FIC 
determination of the extracts against M. smegmatis. 
 
C.  Minimum inhibitory concentrations of SFE extract, bioactive 
compounds and standard antibiotics 
The microdilution method developed was employed to determine the MIC of the 
various extracts, honokiol, magnolol, streptomycin and rifampicin against M. smegmatis. 
The results are shown in Table 49.  In contrast to results obtained from the agar diffusion 
method, n-hexane extracts possessed greater MIC values compared to methanol extracts 
obtained by SXE and PLE. It was possible that methanol extracted compounds of larger 
molecular weights, which exhibited greater difficulty in diffusing through the agar 
medium used in the test method. The molecular size of compounds, on the other hand, 
was not crucial in MIC if these compounds remained soluble in the test medium. Crude 
extracts possessing MIC values of ≤ 100 µg/ml were reported to be potentially useful 
antimicrobial agents (Cos et al., 2006). The results clearly demonstrated that the SFE  
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Table 49. Minimum inhibitory concentrations of various antibiotics, active principles and 
SFE extracts against M. smegmatis. 
 
 MICa (µg/ml) 
Streptomycin 0.50 – 0.75 
Rifampicin 1.00 – 1.25 
Honokiol 1.50 – 2.00 
Magnolol 1.00 – 1.50 
SXE (n-hexane) 4.50 - 5.00 
SXE (methanol) 2.50 - 3.00 
PLE (n-hexane) 2.05 - 2.55 
PLE (methanol) 1.94 - 2.42 
SFE 200 bar, 50 °C (methanol modifier) 0.46 - 0.93 
SFE 400 bar, 80 °C (methanol modifier) 2.05 - 2.55 
SFE 400 bar, 80 °C (no modifier added) 1.00 - 1.50 
 
a
 Values obtained from minimum of 3 replicates. 
 
extracts possessed strong antimicrobial activities which were comparable or higher than 
those of the standard antibiotics, as well as honokiol and magnolol. Extracts obtained by 
SFE at 200 bar, 50 °C with methanol as modifier had antimicrobial activities similar to 
that of streptomycin and stronger than those possessed by extracts obtained at 400 bar, 80 
°C. The milder temperature employed reduced the destruction of heat-sensitive 
antimicrobial compounds present in Magnolia bark. Hence, this study demonstrated the 
supreme antimicrobial activity of SFE crude extracts. The stronger antimicrobial activity 
of extracts obtained using milder SFE conditions is also economically more attractive due 
to lower energy consumption. 
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Additionally, as both magnolol and honokiol account for only approximately 40 
% of the dry weight of SFE extract, the synergistic effect of these 2 compounds as well as 
other substances present in the extract is vital to the efficacy of the extracts. The isolated 
active compound possessed lower activity against M. smegmatis. Hence, SFE extracts 
present an exciting opportunity to be used as a source of antimicrobial adjuvant therapy 
against Mycobacterium sp.  
 
D. Interaction of Magnolia bark extracts and bioactive compounds with 
standard antibiotics 
Mycobacterium tuberculosis was reported to undergo random chromosomal 
mutations, rendering it resistant to most of the existing drugs used to treat tuberculosis 
(Chan and Iseman, 2002). This has led to the development of multi-drug resistant strains 
of tuberculosis, which presents a big challenge to antimicrobial therapy of the disease 
(Aziz et al., 2006). The interactions between the various extracts and bioactive 
compounds with standard antibiotics were evaluated by determining the fractional 
inhibitory concentration (FIC) values using the checquerboard method. M. smegmatis 
was used as it is closely related to M. tuberculosis but more rapid growing. 
 
SFE crude extracts demonstrated better synergism with the antibiotics with the 
antibiotics compared to the pure active compounds, magnolol and honokiol. Extracts 
obtained at milder conditions showed considerably greater potential for synergism (Table 
50). The SFE extracts also demonstrated slightly better synergism with streptomycin 
compared to rifampicin. The findings clearly showed that isolating the active components  
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Table 50. Interaction between standard antibiotics and magnolol, honokiol and Magnolia 
bark extracts obtained by SFE against M. smegmatis. 
 
Antibiotic Extract or active compound Mean FIC indexa Interaction 
Rifampicin 
Magnolol 0.39 Synergistic 
Honokiol 0.67 Indifferent 
SFE 400 bar, 80 °C (no modifier added) 0.45 Synergistic 
SFE 200 bar, 50 °C (methanol modifier) 0.28 Synergistic 
Streptomycin 
Magnolol 0.56 Indifferent 
Honokiol 0.46 Synergistic 
SFE 400 bar, 80 °C (no modifier added) 0.41 Synergistic 
SFE 200 bar, 50 °C (methanol modifier) 0.27 Synergistic 
 
a
 Values obtained from minimum of 3 replicates. 
 
might prove detrimental to the overall bioactivity of the extract itself. Additionally, the 
diversity of compounds present in a botanical crude extract reduces development of 
resistance by the microorganism. While bacteria may be able to develop resistance to a 
single isolated active ingredient from a botanical, it is unlikely for bacteria to modify 
themselves to resist the inhibitory or bactericidal properties of an entire botanical extract. 
Thus, the addition of SFE extract of Magnolia bark to streptomycin and rifampicin is 
likely to reduce the minimum effective dose required for both the antibiotics to inhibit 
mycobacterial growth. A lower antibiotic dose would also be expected to minimize the 
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E. Summary for Part IV 
The use of botanical extract – antibiotic combinations for treatment of infectious 
diseases has increased in recent years (Williamson, 2001; Han, 2007; Rosato et al., 2007; 
Hemaiswarya et al., 2008; Rosato et al., 2008). However, reports of such applications in 
the treatment of mycobacterial infection, especially tuberculosis, are still scant. The 
synergism between honokiol and magnolol resulted in a larger ZIH than if either were 
employed individually. Magnolia bark extracts showed synergistic effects with 
streptomycin and rifampicin against M. smegmatis. This is a novel finding and to the 
author’s best knowledge, not reported elsewhere. The potential of Magnolia bark extracts 
































Preliminary screening of eight commonly used botanicals in the South-East Asian 
region, i.e. Persicaria hydropiper, Murraya koenigii, Arachis hypogeal, Houttuynia 
cordata, Epipremnum pinnatum, Typhonium flagelliform, Magnolia officinalis 
(Magnolia) bark and Imperata cylindrica, was first carried out to identify a model 
botanical for study of the extraction processes. Several novel findings arose from this part 
of the study: (a) The ethanolic extract of Magnolia bark had a 20 % larger ZIH than 
streptomycin 10 µg against M. smegmatis; (b) the extract of Magnolia bark obtained by 
boiling in water demonstrated comparable ZIH to streptomycin against M. smegmatis, (c) 
the aerial parts of Typhonium flagelliforme had antimicrobial activities against S. aureus. 
Magnolia bark had potent antimicrobial activities against S. aureus, B. subtilis, M. 
smegmatis and C. albicans and the highest antioxidant activities in DPPH radical 
scavenging assay. Hence, Magnolia bark was selected as the model botanical material for 
further study. 
 
Compositions of botanical tissues in the different sieved particle size fractions of 
milled Magnolia bark were not similar. For meaningful comparison of results, the entire 
particle distribution range had to be used for extraction. Batches of milled bark of 
specific particle size and size distribution were obtained by varying the milling 
conditions. The effects of cut, impact and conical screen milling employing different 
impeller and screen types were studied. Conical screen milling was found to have several 
distinct advantages over cut and impact milling. More tooling options were available for 
fine tuning conical screen milling to obtain milled product with precise and narrow 
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particle size distribution. Other advantages included low dust generation, high 
throughputs and high feed weight capabilities. Cut and impact milling were less robust at 
high feed weights, where choke points tended to occur and caused flow interruption and 
processing downtime.  
 
In conical screen milling, the effect of screen configuration was more important 
than the type of impeller used and the grater-bore screen was essential in conical screen 
milling of Magnolia bark as it provided the shear effect necessary for fracturing of the 
material. Additionally, the rectangular-bar impeller was able to produce smaller particles 
with better packing properties compared to the round-bar impeller. Comminution of the 
bark material generally occurred at the surface of the grater-bore screen. Conical screen 
milling produced coarser particles than impact and cut milling. However, the particle size 
could be further reduced by implementing a second pass (i.e. repeated milling). The 
extraction of conical screen milled Magnolia bark was more reproducible and resulted in 
higher yields of honokiol.  
 
 From the Taguchi design matrix, the performance of PLE was found to be 
significantly affected by temperature, particle size and static extraction time but not flush 
volume. It was more efficient than SXE for exhaustive extraction as it resulted in 
significant reduction in solvent consumption (around 60 %) and time (hours to minutes). 
On the other hand, the performance of SFE was significantly affected by temperature and 
pressure, and to a smaller extent, particle size. The effect of dynamic extraction time on 
SFE performance was insignificant. Supercritical CO2 showed better penetrative ability 
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than highly pressurized liquid solvents, hence particle size of the milled material was not 
as crucial in SFE as in PLE. However, the extraction efficiency of honokiol and magnolol 
using SFE was limited by the solubility of the compounds in supercritical CO2 and 
matrix-analyte interactions. The selectivity of SFE was manipulated by varying the 
operation conditions. The extracts obtained by neat SFE also possessed stronger 
antioxidant activity compared to those obtained by PLE and SXE. Supercritical fluid 
extraction had the added advantage of being solvent-free, thus amounting to time savings 
for post-extraction clean up. However, quantitative recoveries were poorer than SXE and 
PLE due to the dependence of the process on matrix-analyte interactions. While the 
addition of a polar modifier improved the yields of the active components, it resulted in 
lower selectivity for magnolol over honokiol as well as reduced selectivity for the 
bioactive over extraneous compounds. As the recoveries for honokiol and magnolol were 
low, SFE was found to be useful for selective extraction of bioactive fractions rather than 
for high yields of bioactive compounds.  
 
Compared to SFE, PLE was more easily optimized as there were less manipulable 
process variables. PLE is attractive as a replacement for SXE as PLE extraction using n-
hexane and methanol provided recoveries comparable to those by the SXE method. 
Pressurized liquid extraction was also less dependent on matrix-analyte effects but 
strongly dependent on particle size of the milled material. Solvents possessing the -OH 
functional group was found to result in matrix swelling and greater extractability of 
honokiol and magnolol. When polar solvents were used, PLE extracts possessed greater 
antioxidant activity compared to SXE. This was attributed to shorter exposure to high 
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temperature, thereby limiting thermal degradation of compounds. Supercritical fluid 
extraction resulted in extracts with low antioxidant properties due to less co-extracted 
polar compounds which acted synergistically with magnolol and honokiol. 
 
 SFE extracts of Magnolia bark demonstrated far superior activity against M. 
smegmatis compared to SXE and PLE extracts. The microdilution method was developed 
as an economical alternative to the broth macrodilution method for determination of MIC 
and FIC. The MIC of SFE extracts was 0.460 - 0.930 µg/ml, which was greater than that 
of the standard antibiotics as well as honokiol and magnolol. These extracts also 
demonstrated synergism with streptomycin and rifampicin, and thus may act as a 
potential adjuvant to current antimicrobial therapies. Additionally, the extracts obtained 
by SFE without modifier demonstrated strong antimicrobial activities that were similar to 
that of honokiol but greater than that of magnolol. The 1:1 combination of magnolol and 
honokiol also resulted in greater activity against M. smegmatis compared to either 
compounds alone. This suggests the presence of synergism between both compounds and 
other substances present in the extract. Isolation of bioactive compounds from crude 



























 The results demonstrated that conical screen milling was a viable alternative to 
impact and cut milling for size reduction of Magnolia bark. However, to establish this 
relatively new method in the industry for milling of botanical materials, its cost 
effectiveness has to be studied. Experiments are needed to determine the power 
consumption and milling rate of this mill for a variety of materials. The mill has been 
successfully employed to reduce the size of bark (this thesis) and root material (Yeong, 
2009) in our laboratory. Further application in size reduction of botanicals should be 
explored using matrices of different macro- and microstructural properties. As the 
existing conical screen mill was mainly developed for the food and pharmaceutical 
industries, modification of machinery and accessories to handle tougher botanical 
materials more efficiently should also be explored.  
 
This dissertation has also established SFE as a more selective extraction method 
than PLE and SXE. It is able to produce cleaner extracts. However, quantitative 
recoveries of magnolol and honokiol were relatively low compared to PLE and SXE. 
Therefore, attempts were made to extract Magnolia bark by PLE, followed by 
purification of the extract by SFE. The PLE extracts were coated onto glass beads for 
selective extraction by SFE. Due to equipment limitation (restrictor temperature was pre-
set at 80 °C), severe plugging of the restrictors occurred and the study had to be aborted. 
It is postulated that the selectivity of SFE can be further enhanced by appropriate 
manipulation of pressure, temperature and modifier with the aid of a phase monitor. It 
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would be useful to investigate the above and correlate the findings with the properties of 
organic solvents used in extraction. The isolation and identification of various 
compounds present in SXE, PLE and SFE would also give insight on the mechanisms of 
the different extraction processes. The information would also be useful in identifying the 
compounds which interacted with honokiol and magnolol for enhanced antioxidant and 
antimicrobial activities (better than those of honokiol and magnolol alone).  
 
Extracts of Magnolia bark obtained by SFE hold promise as adjuvants to current 
antimicrobial therapy. It is still important to understand the mechanism of synergism 
which will help in the development of combination products with high therapeutic 
efficacy and minimal unwanted side effects. The possible synergistic effects due to the 
extract include (i) prevention of receptor or active site modification to allow binding of 
the antibiotic, (ii) inhibition of mycobacterial enzymes which degrade the antibiotic, (iii) 
improved membrane permeability to the antibiotic, and (iv) inhibition of efflux pumps 
thus allowing accumulation of the antibiotic within the bacterial cell (Hemaiswarya et al., 
2008). Furthermore, the in vitro results obtained in this thesis may not necessarily 
translate to in vivo synergism between the extract and the standard antibiotics. It has been 
reported that some bioactive substances obtained from botanical materials are more 
poorly absorbed compared to the standard antibiotics (Rosato et al., 2007). Thus, the 
bioavailability of the crude extract would also have to be evaluated. A means of 
standardizing these extracts for therapy is also necessary due to the inherent variation in 
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